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SUMMARY
AB B
AND ACRONYM S

ANOVA = analysis of variance

AS = aortic stenosis

AVEC = aortic valve

endothelial cell

AVIC = aortic valve interstitial

cell

CAVD = calcific aortic valve

disease

CDH11 = cadherin-11
Calcific aortic valve disease is a progressive fibrocalcific process that can only be treated with valve

replacement. Cadherin-11 has recently been identified as a potential therapeutic target for calcific aortic valve

disease. The already approved drug celecoxib, a cyclooxygenase-2 inhibitor, binds cadherin-11, and was

investigated as a therapeutic against calcific aortic valve disease. Unexpectedly, celecoxib treatment led to

hallmarks of myofibroblast activation and calcific nodule formation in vitro. Retrospective electronic medical

record analysis of celecoxib, ibuprofen, and naproxen revealed a unique association of celecoxib use and aortic

stenosis. (J Am Coll Cardiol Basic Trans Science 2019;4:135–43) © 2019 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

calcific nodule
CN =
SEE PAGE 144

COX2 = cyclooxygenase-2

EMR = electronic medical

record

FDA = Food and Drug

Administration

OR = odds ratio

SMA = smooth muscle actin

TGF = transforming growth

factor

VUMC = Vanderbilt University

cal Center
M ore than 25% of the U.S. population over
65 years of age is affected by calcific aortic
valve disease (CAVD) (1). This degenera-

tive disease is the most common cause of aortic ste-
nosis (AS), which eventually requires surgical
replacement of the aortic valve because there are no
effective pharmaceutical treatments. This lack of
medical therapy is a result of our inadequate under-
standing of the disease mechanism (2). CAVD is
believed to be mediated by aortic valve interstitial
cells (AVICs), which become activated by transform-
ing growth factor (TGF)-b1 into myofibroblasts (3),
characterized by increased contractility, collagen
deposition, and expression of a-smooth muscle actin
(SMA) and cadherin-11 (CDH11). When these myofi-
broblasts are subjected to strain, as is normal in the
cardiac valve environment, this causes membrane
tearing, leading to apoptosis-mediated cell death.
This process has been termed the dystrophic pathway
of calcification and was evident in 83% of excised hu-
man aortic valves (whereas only 13% of those showed
osteogenic markers) (4), making dystrophic calcifica-
tion the most prevalent mechanism of CAVD.

We recently identified and validated CDH11 as a
possible therapeutic target for CAVD (5–8). CDH11 is a
mechanosensitive transmembrane cell adhesion pro-
tein known to have increased expression in calcified
human aortic valves (7), to be increased in the AVICs
of the Notch1þ/� murine model of CAVD (5), and to be
necessary for in vitro formation of the calcific nodules
(CNs) characteristic of CAVD (7). Additionally, recent
work has shown that blocking CDH11 with a mono-
clonal antibody in the Notch1þ/� model prevents
CAVD progression (6). These findings motivated us to
evaluate current Food and Drug Administration
(FDA)-approved drugs that may block CDH11 activity
for CAVD, as the CDH11 antibody research program
was recently halted by Roche after disappointing
Phase II trials for rheumatoid arthritis. A review of the
published reports revealed that celecoxib, brand
name Celebrex (Pfizer, New York, New York),
and its inactive analog, dimethyl celecoxib,
bind CDH11 with high affinity (9). We there-
fore hypothesized that either of these drugs
may prevent CAVD by blocking the homo-
typic CDH11 bonds between neighboring
cells.

To evaluate this hypothesis, we treated
porcine AVICs and aortic valve endothelial

cells (AVECs) with celecoxib or dimethyl celecoxib.
Cells were also treated with TGF-b1 to biochemically
induce myofibroblast differentiation. Cells were then
subjected to well-established functional assays of
CAVD such as CN formation (5,7,10–12) and collagen
gel contraction, as well as evaluated for expression of
myofibroblast markers a-SMA and CDH11. To assess
clinical relevance, we performed a retrospective
analysis of celecoxib use and AS incidence in the
electronic medical record (EMR) from Vanderbilt
University Medical Center (VUMC).

Medi
METHODS

IN VITRO EXPERIMENTS AND STATISTICAL ANALYSIS.

Porcine aortic valve cells were isolated as previously
described (7,13) and used between passages 3 and 11.
Cells were evaluated with a combination of molecular
and functional assays in order to understand the role
of treatment with celecoxib, dimethyl celecoxib, and
TGF-b1 in their propensity to calcify; details of the
following in vitro assays are in the Supplemental
Appendix. The nodule assay allows for rapid
screening of potential drug strategies that may pre-
vent dystrophic calcification in vitro (5,7,12). Briefly,
cells were plated onto pronectin (AVICs) or collagen
IV (AVECs) Flexcell plates (Flexcell International,
Burlington, North Carolina), then treated with
TGF-b1, and subsequently strained at 15% using the
Flexcell Tension system, as previously described

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacbts.2018.12.003
https://doi.org/10.1016/j.jacbts.2018.12.003


FIGURE 1 Dimethyl Celecoxib Prevents CN Formation in AVICs but Celecoxib Promotes CN Formation Through Myofibroblast Induction

(A) Cyclic biaxial strain and TGF-b1 induce CN formation, identified by Alizarin Red staining. (B) Treatment with celecoxib increases the number of CNs formed in the

untreated and TGF-b1–treated cases. Dimethyl celecoxib treatment reduces the number of TGF-b1–induced CNs. (C) TGF-b1 treatment increases contractility. Celecoxib

pre-treatment also increases contractility to the level of ND þ TGF-b1. Treatment with celecoxib increases expression of a-SMA (D and F) and CDH11 (E and F). n $ 3.

*p < 0.05 versus ND, #p < 0.05 versus ND þ TGF-b1, **p < 0.001 versus same pre-treatment, ##p < 0.001 versus ND þ TGF-b1. Scale bars indicate 1 mm (A) and 100

mm (F). AVIC ¼ aortic valve interstitial cell; CCB ¼ celecoxib; CN ¼ calcific nodule; DMC ¼ dimethyl celecoxib; ND ¼ no drug; TGF ¼ transforming growth factor.
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(10,11). In a separate cohort, AVICs were treated with
conditioned medium harvested from AVEC cultures
after strain. AVICs were also evaluated for contrac-
tility using a free-floating collagen gel system in
which cells were plated onto gels and imaged over
time to quantify the gel area. Western blots and
immunofluorescence were used to evaluate expres-
sion of myofibroblast markers CDH11 and a-SMA after
various treatments. In all cases, cells were plated
simultaneously with celecoxib (Tocris 3786, Tocris
Bioscience, Bristol, United Kingdom), dimethyl cele-
coxib (Sigma-Aldrich D7196, Sigma-Aldrich, St. Louis,
Missouri), or no drug to allow for interactions with
CDH11 before homotypic bonds were formed. 10
mmol/l celecoxib and dimethyl celecoxib was chosen
to match the plasma concentration found after
typical doses of celecoxib in humans (9). For all
experiments, n $ 3; more detailed methodology can
be found in the Supplemental Appendix. All groups
were compared with analysis of variance (ANOVA) in
SigmaPlot software version 11.0 (Systat Software, San
Jose, California), and a p value <0.05 was considered
significant. Normality (Shapiro-Wilk) and equal vari-
ance were tested. Normal datasets with equal variance
were analyzed via 1-way ANOVA with pairwise multi-
ple comparisons made using the Holm-Sidak post hoc
testing method. Non-normal datasets were analyzed
via Kruskal-Wallis 1-way ANOVA on ranks with pair-
wise multiple comparisons made using Dunn’s post
hoc testing method. In vitro data are presented as
mean � SEM.

CLINICAL DATA AND STATISTICAL ANALYSIS. AS
patients 60 to 89 years of age on January 27, 2018,

https://doi.org/10.1016/j.jacbts.2018.12.003


FIGURE 2 Retrospective Cohort Study Design

The retrospective clinical analysis described here was designed based on the approval and clinical trial history of celecoxib. Celecoxib was

approved on December 31, 1998, and clinical trial results revealed a potential cardiovascular risk in early 2005, defining our drug surveillance

period. Body mass index (BMI) data were collected within 1 year of January 1, 2005. The aortic stenosis surveillance period extended from

January 1, 2005, to January 27, 2018. APC ¼ Adenoma Prevention With Celecoxib; FDA ¼ Food and Drug Administration.
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were identified using the Synthetic Derivative, a
de-identified version of VUMC’s EMR containing
>2.5 million unique records. Date gating and clinical
covariates were identified a priori on the basis of
TABLE 1 Celecoxib Use Is Associated With AS

Cases Controls

Celecoxib (n ¼ 574) (n ¼ 6,397)

Male 57.49 (330) 43.71 (2,796)

Age, yrs 76.70 � 4.80 72.89 � 7.91

BMI, kg/m2 30.67 � 6.94 28.04 � 6.05

Hypertension 54.88 (315) 40.24 (2,574)

Type 2 diabetes 24.74 (142) 15.85 (1,014)

Celecoxib use 23.34 (134) 18.21 (1,165)

Ibuprofen (n ¼ 427) (n ¼ 4,724)

Male 57.14 (244) 44.86 (2,119)

Age, yrs 76.86 � 7.82 73.15 � 7.87

BMI, kg/m2 30.83 � 6.89 29.93 � 6.94

Hypertension 54.33 (232) 40.60 (1,918)

Type 2 diabetes 25.76 (110) 16.49 (779)

Ibuprofen use 26.46 (113) 30.25 (1,429)

Naproxen (n ¼ 509) (n ¼ 5,342)

Male 57.37 (292) 45.17 (2,413)

Age, yrs 76.50 � 7.86 73.07 � 7.88

BMI, kg/m2 30.58 � 6.81 29.83 � 6.96

Hypertension 55.80 (284) 40.21 (2,148)

Type 2 diabetes 24.75 (126) 16.17 (864)

Naproxen use 16.50 (84) 18.12 (968)

Values are % (n) or mean � SD. Odds ratios (ORs) for age and BMI are reported per un

AS ¼ aortic stenosis; BMI ¼ body mass index; CI ¼ confidence interval.
celecoxib’s approval history and known risk factors
for AS, respectively. Ibuprofen and naproxen were
chosen for comparison due to their similar indications
and pattern of use (14,15), and their previous use
Unadjusted OR
(95% CI)

Unadjusted
p Value

Adjusted OR
(95% CI)

Adjusted
p Value

1.73 (1.46–2.06) <0.001 1.70 (1.43–2.03) <0.001

1.06 (1.05–1.07) <0.001 1.06 (1.05–1.07) <0.001

1.02 (1.01–1.03) 0.002 1.02 (1.01–1.03) 0.003

1.81 (1.52–2.14) <0.001 1.42 (1.19–1.70) <0.001

1.75 (1.43–2.13) <0.001 1.35 (1.09–1.67) 0.006

1.36 (1.11–1.67) 0.003 1.24 (1.00–1.53) 0.046

1.64 (1.34–2.00) <0.001 1.59 (1.30–1.95) <0.001

1.06 (1.05–1.07) <0.001 1.06 (1.05–1.07) <0.001

1.02 (1.00–1.03) 0.011 1.02 (1.01–1.04) 0.006

1.74 (1.43–2.12) <0.001 1.40 (1.13–1.72) 0.002

1.76 (1.40–2.21) <0.001 1.38 (1.08–1.77) 0.010

0.83 (0.66–1.04) 0.102 0.98 (0.78–1.23) 0.852

1.63 (1.36–1.96) <0.001 1.55 (1.29–1.87) <0.001

1.06 (1.04–1.07) <0.001 1.05 (1.04–1.07) <0.001

1.01 (1.00–1.03) 0.021 1.02 (1.00–1.03) 0.025

1.88 (1.56–2.25) <0.001 1.55 (1.28–1.88) <0.001

1.71 (1.38–2.11) <0.001 1.35 (1.07–1.88) 0.010

0.89 (0.70–1.14) 0.364 0.92 (0.71–1.18) 0.498

it increase.



Bowler et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 2 , 2 0 1 9

Celecoxib Is Associated With Aortic Stenosis A P R I L 2 0 1 9 : 1 3 5 – 4 3

140
as comparators for celecoxib in the PRECISION
(Prospective Randomized Evaluation of Celecoxib
Integrated Safety vs Ibuprofen or Naproxen) trial (16).
Detailed cohort definition criteria can be found in the
Supplemental Appendix. Mean available follow-up
was 10.16 � 3.14 years. Unadjusted odds ratios (ORs)
and differences between cases and controls were
calculated using the Fisher exact and Mann-Whitney
U tests, respectively. Given the significant associa-
tion of several clinical variables with incident AS in
our preliminary models, a multivariable logistic
regression based on age, sex, body mass index,
hypertension, diabetes, and drug use was used to
calculate adjusted ORs and p values (17). All analyses
were performed using the statistical programming
language R, version 3.4.4 (18). Clinical data are pre-
sented as mean � SD. Use of the Synthetic Derivative
is classified as nonhuman research by Vanderbilt
University’s institutional review board, and approval
was given for this study.

RESULTS

IN VITRO DYSTROPHIC CALCIFICATION ANALYSIS.

Alizarin Red staining of calcium shows the charac-
teristic rounded morphology of CNs formed by AVICs
(Figure 1A). As expected, treatment with TGF-b1
increases the number of CNs under all pre-treatment
conditions (Figures 1A and 1B). Unexpectedly, cele-
coxib pre-treatment causes a greater increase in CN
number, whereas dimethyl celecoxib pre-treatment,
as hypothesized, prevents TGF-b1–induced CN for-
mation (Figures 1A and 1B). A gel contraction assay
reveals that celecoxib-treated AVICs appear more
contractile than their untreated or dimethyl
celecoxib–treated counterparts, though not signifi-
cantly (Figure 1C). TGF-b1 treatment increases
contractility as well and compounds with celecoxib
treatment to cause significantly more contraction
than the no drug pre-treated with TGF-b1 (Figure 1C).
Expression of myofibroblast markers a-SMA and
CDH11 were evaluated by Western blot (Figures 1D and
1E, Supplemental Figure S1) and immunofluorescence
(Figure 1F, Supplemental Figure S2). Densitometry
demonstrates a significant increase in both markers
only in the celecoxib pre-treated AVICs (Figures 1D
and 1F). We observe no calcification of AVECs
alone, as was expected, and very little calcification in
AVICs treated with AVEC conditioned medium
(Supplemental Figure S3).

RETROSPECTIVE CLINICAL ANALYSIS. The results
obtained from these in vitro experiments led us to
investigate possible clinical significance of celecoxib
use. Approximately 8,300 deidentified patient records
from VUMC met inclusion criteria and were queried
for possible association of AS with celecoxib, nap-
roxen, or ibuprofen use (Figure 2). In unadjusted
analyses, celecoxib use is associated with an increased
odds of developing AS (OR: 1.36; 95% confidence in-
terval: 1.11 to 1.67; p ¼ 0.003) (Table 1). After adjust-
ment, this association persists (adjusted OR: 1.24; 95%
confidence interval: 1.00 to 1.53; p ¼ 0.046). Identical
analyses were performed with ibuprofen and nap-
roxen, and no associations were found. To assess the
consistency of this cohort with those in other cele-
coxib studies, we cursorily examined unadjusted ORs
of celecoxib with myocardial infarction and ischemic
stroke, and found no association, as has been reported
previously (Supplemental Table S1) (16).

DISCUSSION

Our investigation was motivated by the need for
pharmaceutical alternatives to aortic valve replace-
ment and the unique ability of celecoxib and
dimethyl celecoxib to bind CDH11, a recently iden-
tified target for CAVD and AS. We have previously
demonstrated that targeting CDH11 in vivo prevents
the pathological increase in aortic jet maximum
velocity (6), a clinical metric used to define the
severity of AS. Others have found that celecoxib
and its inactive analog, dimethyl celecoxib, were
able to bind CDH11 (9), presenting an opportunity to
exploit the off-target effects of celecoxib to treat
CAVD with an already FDA-approved drug. The
main finding of this work was unexpected. Primar-
ily, celecoxib, the FDA-approved drug we antici-
pated being a potential therapeutic for CAVD,
causes calcification in vitro and is associated with
AS in patients. Conversely, the inactive analog
dimethyl celecoxib showed the expected benefit of
CDH11 blockade. Although further studies of
dimethyl celecoxib are warranted, the new risk of
celecoxib, a commonly prescribed drug, is the focus
of our studies and discussion.

CELECOXIB PROMOTES MYOFIBROBLAST DIFFERENTIATION

AND CALCIFICATION IN VITRO. Although AVICs are
widely believed to be the cells driving CAVD, we
evaluated the effects of celecoxib and dimethyl cel-
ecoxib on both AVICs and AVECs, as well as effects on
AVICs from drug-treated AVEC conditioned medium.
Because AVECs showed no response to celecoxib or
dimethyl celecoxib (Supplemental Figure S3), we
focused on direct effects of the drugs on AVICs. We
show here that celecoxib causes an increase in both a-
SMA and CDH11 expression, pointing to an induction
of the myofibroblast phenotype, which then leads to
CN formation. Conversely, although dimethyl

https://doi.org/10.1016/j.jacbts.2018.12.003
https://doi.org/10.1016/j.jacbts.2018.12.003
https://doi.org/10.1016/j.jacbts.2018.12.003
https://doi.org/10.1016/j.jacbts.2018.12.003
https://doi.org/10.1016/j.jacbts.2018.12.003
https://doi.org/10.1016/j.jacbts.2018.12.003
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celecoxib treatment does not appear to change the
AVIC phenotype—contractility, a-SMA expression,
and CDH11 expression remain unchanged—it does
significantly reduce CN formation. This supports our
hypothesis that this beneficial effect is likely the
result of dimethyl celecoxib preventing homotypic
interactions of CDH11 between neighboring cells.
With CDH11’s cell–cell adhesions blocked, the tension
between AVICs is reduced, which prevents the
membrane tearing and subsequent apoptosis-
mediated cell death that leads to CN formation.
Given that activity in the cyclooxygenase-2 (COX2)
axis is the key difference between celecoxib
and dimethyl celecoxib, we attribute celecoxib’s
promyofibroblast effect to COX2 inhibition, which
supports the notion of a protective role for COX2 in
dystrophic CN formation.

CELECOXIB IS ASSOCIATED WITH AS. This is not the
first investigation into the impact of COX2 inhibitors
on heart disease. Most COX2 inhibitors were pulled
from the market because of adverse cardiovascular
effects by 2005 (19,20). Celecoxib had not displayed
the same adverse effects and has retained FDA
approval; however, the FDA mandated a cardiovas-
cular safety trial. This study showed no increased risk
of cardiovascular death, nonfatal myocardial infarc-
tion, or nonfatal stroke with celecoxib use when
compared with ibuprofen or naproxen (16). However,
these outcomes focus on acute, relatively short-term,
and thrombotic events, and do not include valvular
pathologies. On the basis of our in vitro data, rather
than an acute thrombotic event, we suspected an
increase in long-term risk of AS in these patients.
Therefore, we tested our hypothesis using longitudi-
nal clinical data. In retrospective analysis, we
observed a unique association of celecoxib use with
the presence of AS. The association of celecoxib and
AS remained significant when adjusted for age, sex,
body mass index, and known AS risk factors (17,21).
The same is not observed in patients taking ibuprofen
or naproxen, which have comparable major in-
dications and clinical uses to celecoxib (acute pain,
inflammatory or rheumatoid disorders, osteoarthritis,
and primary dysmenorrhea), but inhibit COX1 in
addition to COX2. This suggests there is something
unique about celecoxib or selective COX2 inhibition
that is associated with AS.

THE UNKNOWN ROLE OF COX2 IN AS. COX2
expression is increased in calcified human aortic
valves (22), yet there are conflicting data as to
whether it is a disease initiator or part of a protective
response. COX2 inhibition has been shown in the
Klotho-deficient mouse to lead to decreased aortic
valve calcification via an osteogenic mechanism
assessed by cell- and tissue-level pathology (22).
Although calcification is the most common pathology
finding in AS, clinical decision making is driven by
functional measures (such as aortic jet maximum
velocity). However, clinical studies of celecoxib have
not yet focused on valvular function or pathology, or
long-term effects (>4 years) of the drug (16,19,23). We
have shown that COX2 inhibition can promote
CN formation in porcine AVICs through the more
prevalent dystrophic pathway of calcification, and a
significant association between celecoxib use and AS
in humans.

Collectively, these findings support further inves-
tigation of celecoxib or COX2’s role in other models of
CAVD and AS, such as Notch1þ/� or Apoe�/� mice, to
clarify whether COX2 is protective or disease-driving.
COX2 also plays a key role in modulating various
immune processes, and investigating the impact of
celecoxib in immunocompetent CAVD models may
provide new insights into the in vivo mechanisms
implicated. Clinically, a multifaceted retrospective
study of functional and imaging-defined AS progres-
sion with celecoxib use may further clarify this risk. It
is still unclear whether celecoxib introduces novel
risk or is a modifying risk factor in those already at
risk. Additionally, although the efficacy of targeting
CDH11 in vivo has been shown (6), further studies of
dimethyl celecoxib in relevant murine models and
eventually humans could reveal a novel therapeutic
for CAVD.
STUDY LIMITATIONS. Our in vitro experiments rely
on porcine cells, which are a standard model for
CAVD research and are potentially better examples of
healthy valve cells than samples from humans,
because most heart valve donors are not free of other
cardiovascular pathologies. Future work in human
AVICs or a variety of in vivo mouse models could
confirm our proposed mechanism.

Although we have imposed strict time gates and
cohort selection criteria, retrospective EMR study
does not allow for controlled assessment or follow-up
of study participants. The retrospective nature of the
clinical analysis does not allow us to quantify dosage
of patients included, but contemporary published
reports conclude that >80% of users at the time had
standard 200 mg prescriptions (14,15). It is difficult to
confidently rule in or rule out AS for patients in
this large deidentified cohort of clinical records, but
we tried to use definitions that would increase
the accuracy of these designations. We cannot rule
out that CAVD may have been present in some



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: A

recent cardiovascular safety trial showed that cele-

coxib is noninferior to ibuprofen and naproxen with

regard to cardiovascular death, nonfatal myocardial

infarction, and nonfatal stroke, and is associated with

a lower risk of gastrointestinal bleeding than those

medications. Those findings may encourage more

widespread use of celecoxib to treat inflammatory

pain. Our findings, including both in vitro studies and a

retrospective review of the electronic medical record,

indicate that celecoxib is associated with calcific

nodule formation and the development of aortic

stenosis.

TRANSLATIONAL OUTLOOK: Additional clinical

studies are needed to confirm the link between cele-

coxib use and the development or progression of

aortic stenosis, as this could influence prescribing

patterns for medications that relieve inflammatory

pain. Our studies show that dimethyl celecoxib im-

pedes calcific nodule formation in vitro. Thorough

in vivo animal studies should be performed to assess

dimethyl celecoxib’s translational potential for the

prevention or treatment of calcific aortic valve

disease.
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individuals during the drug exposure period. In
addition, the retrospective nature of the study pre-
cludes conclusions about causality of CAVD. The
various differences between the celecoxib and con-
trol cohorts are adjusted for when possible, but may
imply additional underlying differences that are
better controlled in a randomized controlled trial. For
example, in our preliminary models, we assessed the
impact of hyperlipidemia on AS incidence, but it was
not significantly associated with AS and had no effect
on the model. This may be due to incomplete retro-
spective data or the lack in the era queried of
consistent laboratory values such as lipoprotein(a),
which has since proven a reliable biomarker for the
association of dyslipidemia with AS (21). Addition-
ally, valve morphology is a highly prevalent risk
factor for CAVD, but it could not be accurately
assessed in this retrospective study without consis-
tent imaging for all subjects. An echo-driven study
may provide more clarity on the impact of celecoxib
in patients with a bicuspid aortic valve. Reanalysis of
the PRECISION trial data may be an effective option
for assessing the potential risk outlined in this
analysis.

CONCLUSIONS

Overall, these data suggest that celecoxib use is
associated with the development of CAVD. Although
further studies are necessary, it is likely that dimethyl
celecoxib or a monoclonal antibody against CDH11
would be safer therapeutic options than celecoxib to
pursue for patients with CAVD or other CDH11-
mediated diseases. Considering the indications for
celecoxib, these results suggest that physicians must
carefully balance the risks of COX1 inhibition in the
gut with those of COX2-specific inhibition in the
aortic valve when choosing a pain control regimen,
and use celecoxib with caution in elderly patients
with risk factors for AS.

ADDRESS FOR CORRESPONDENCE: Dr. W. David
Merryman, Vanderbilt University, 2213 Garland
Avenue, 9445D MRB4, Nashville, Tennessee 37232.
E-mail: david.merryman@vanderbilt.edu.
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EDITORIAL COMMENT
Off Target But on Track to New Strategies
to Mitigate Calcific Aortic Valve Disease*

Dwight A. Towler, MD, PHD
A pproximately 7% of our drugs approved as
pharmacotherapy in the United States have
no known primary target, and about twice

this number have poorly defined mechanisms of ac-
tion (1). Moreover, chemoinformatics — the combina-
tion of chemistry, structural biology, data mining,
and computational sciences to define chemical space
in present day pharmacology — has revealed that
approximately 5% of drugs with well-defined thera-
peutic targets have high-affinity off-target interac-
tions (2). Off-target molecular interactions
molecules may provide either therapeutic benefit or
untoward side effects. This drug property, known as
polypharmacology, has been well appreciated for
years, and on occasion has been clinically useful
even when precise mechanisms were initially un-
clear. For example, the antibiotic demeclocycline
arguably found its most unique therapeutic benefit
in treatment of the syndrome of inappropriate antidi-
uretic hormone secretion because of the off-target ca-
pacity of demeclocycline to induce mild nephrogenic
diabetes insipidus and increase free water excretion.
However, polypharmacology can significantly
complicate patient management; e.g., the well-
known negative side effects of amiodarone on thyroid
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and pulmonary physiology when deployed to treat
life-threatening arrhythmias.

In this issue of JACC: Basic to Translational Science,
Bowler et al. (3) have innovatively followed through
on a chemoinformatic clue that pointed to previously
unknown polypharmacology. A prior independent,
mass spectrometry–based study recently identified
the widely used nonsteroidal anti-inflammatory drug
celecoxib as a high-affinity ligand for cadherin 11
(CDH11), also known as osteoblast cadherin (4).
Studies from the Merryman lab had previously shown
that CDH11 was expressed in valve interstitial cells
(VICs), and is a key contributor to VIC-mediated
osteogenic mineralization in aortic valves via me-
chanical modulation of the VIC phenotype. Thus, the
investigative team examined porcine aortic VIC-
mediated matrix calcification in the presence of cel-
ecoxib or dimethyl celecoxib—the latter a methylated
congener that also binds CDH11 but does not inhibit
cyclooxygenase 2 (Cox2). To the authors’ surprise,
celcoxib increased, whereas dimethyl celecoxib
inhibited, calcified nodule formation in VICs grown
under prosclerotic conditions (e.g., transforming
growth factor–beta with biaxial mechanical strain) (3).
SEE PAGE 135
Furthermore, celecoxib increased the contractile
myofibroblast phenotype of VICs in this relevant
culture model. Importantly, aortic valve endothelial
cells exhibited little to no procalcific activity or
modulation. To further establish the relationship be-
tween celecoxib and calcific aortic valve disease
(CAVD), the authors queried the Vanderbilt Synthetic
Derivative, a powerful de-identified patient database
enabling an analysis of celecoxib use and the risk for
calcific aortic stenosis (AS) (3). Comparison was made
to other nonsteroidal anti-inflammatory drugs such
as naproxen or ibuprofen that do not bind CDH11. In
the adjusted retrospective analysis, celecoxib use was
https://doi.org/10.1016/j.jacbts.2019.03.010
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associated with a significant 25% increase in AS risk,
whereas no such association was found with nap-
roxen or ibuprofen exposure (3). Thus, celecoxib use
emerges as a plausible risk factor for calcific AS,
potentially related to mechanisms involving VIC Cox2
inhibition in the setting of CDH11 modulation (3).

Why is this paper from Bowler et al. (3) so signifi-
cant? There are several important features, but 2
stand out as very helpful to consider, including their
implications. Firstly and most saliently, celecoxib
emerges as a new member in a handful of widely used
drugs associated with the CAVD spectrum in humans.
Given the high prevalence of calcific AS in our aging
population and the failure of statins to favorably
impact CAVD (5), close attention must be paid to
clinical observations that potentially offer clues to
pathogenesis and prevention. The Multiethnic
Study of Atherosclerosis revealed that aminobi-
sphosphonate use for osteoporosis was associated
with reduced aortic valve calcification in post-
menopausal women (6). Because valve calcium
accrual portends CAVD progression to clinically rele-
vant AS (5), this suggests that aminobisphosphonates
might mitigate progression, but direct evidence is
lacking and potential mechanisms unknown. The
Japanese Aortic Stenosis Study identified that
warfarin use increased, whereas angiotensin receptor
blocker use decreased, calcific AS risk (7). As Bowler
et al. (3) newly show, Cox2 inhibition in the setting of
concomitant Cdh11 antagonism—as occurs with cele-
coxib—increases risk for AS. This suggests a protec-
tive role for Cox2 in limiting VIC calcification;
however, this relationship may differ for those Cox2
inhibitors that do not simultaneously impact both
Cox2 and CDH11 pathways; for example, naproxen
and ibuprofen. Notably, naproxen and ibuprofen use
were not associated with increased calcific AS risk (3).
Nevertheless, Cox2 generates a spectrum of bioactive
oxylipid metabolites—including proinflammatory and
proresolving prostaglandins and lipoxins — and
pharmacologic modulation or loss of Cox2 markedly
perturbs oxylipid metabolism (8). Moreover, oxidized
phospholipids (oxPL) also inhibit Cox2 activity as
relevant to calcific AS (9). Biochemical and genetic
data have converged to reveal oxPL: lipoprotein(a)
[Lp(a)] complexes drive calcific AS via lysophospha-
tidic acid ligand–receptor interactions (10). An
important study by Zheng et al. (11) has recently
shown that elevated Lp(a) levels (> 35 mg/dl) not only
reflect elevated aortic valve calcifying activity as
revealed by fluorodeoxyglucose positron-emission
tomography/computed tomography, but also
portend clinical calcific AS progression (11). As Gotoh
first pointed out (12), Lp(a) conveys risk for aortic
valve sclerosis and CAVD beyond low-density lipo-
protein cholesterol (13), and Lp(a) does not appear to
carry risk for coronary artery calcification similar to
low-density lipoprotein cholesterol (14). Thus, given
the findings of Bowler et al. (3), patients with
elevated Lp(a) might be advised to avoid celecoxib,
but this clearly requires further study. Tsimika’s lab
first demonstrated that Lp(a) is the preferred lipo-
protein carrier of oxPL in human plasma — and Lp(a)
is absent in most preclinical disease models in the
absence of transgenic engineering (reviewed in Tsi-
mika et al. [13]). Therefore, in vivo preclinical studies
delineating pathomechanisms of celecoxib and Cox2
inhibition—or therapeutic Cox2 modulation—in CAVD
should deploy models from which the contributions
of Lp(a):oxPL metabolism can be studied as relevant
to human disease. Such models also afford the op-
portunity to determine how the valve cell mecha-
nobiology regulated by CDH11 interacts
with Lp(a):oxPL metabolism in VIC phenotypic
modulation.

Secondly, this study indicates the power of che-
moinformatics to inform and advance human phar-
macology. Uniquely keen insight, team science,
institutional infrastructure, and chemoinformatics
synergized to identify an untoward AS risk associated
with celecoxib use (3); this important result is
worrisome given give the prevalence of CAVD in our
aging population (5), and deserves further investi-
gation and clinical validation. However, the actions
of dimethyl celecoxib — a small-molecule antagonist
of CDH11 that avoids Cox2—on limiting VIC calcifying
nodule formation and myofibroblastic phenotype (3)
indicates that targeting CDH11 is feasible and poten-
tially fruitful as a strategy for mitigating human AS.
Indeed, the Merryman lab has shown that a mono-
clonal antibody targeting CDH11 can ameliorate CAVD
and valve tissue stiffness due to murine Notch1
haploinsufficiency (15). These are important obser-
vations given the absence of proven pharmaco-
therapy for human CAVD. Dimethyl celecoxib can
serve as a tool compound, enabling refinement of
structure-activity relationships in small-molecule
modulators of VIC biology via CDH11, potentially
useful in AS pharmacotherapy. However, tool com-
pounds have their own shortcomings, and dimethyl
celecoxib itself also exhibits polypharmacology,
sharing with celecoxib the actions in the cellular
endoplasmic reticulum stress response. Studying VIC
responses to novel CDH11-targeted small-molecule
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inhibitors in development for other indications
should prove useful as well. In toto, the enlightening
study from Bowler et al. (3) has significant trans-
lational implications, providing insight that informs
novel strategies to mitigate AS risk in our aging,
dysmetabolic population.
ADDRESS FOR CORRESPONDENCE: Dr. Dwight A.
Towler, University of Texas Southwestern Medical
Center, Internal Medicine, Endocrine Division, 5323
Harry Hines Boulevard, Dallas, Texas 75390-8857.
E-mail: Dwight.Towler@utsouthwestern.edu.
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CLINICAL RESEARCH
Elamipretide Improves Mitochondrial
Function in the Failing Human Heart
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HIGHLIGHTS

� Mitochondrial function is impaired in

explanted failing pediatric and adult

human hearts.

� Elamipretide is a novel mitochondria-

targeted drug that is targeted to car-

diolipin on the inner mitochondrial mem-

brane and improves coupling of the

electron transport chain.

� Treatment of explanted human hearts

with elamipretide improves human

cardiac mitochondrial function.

� The study provides novel methods to

evaluate the influence of compounds on

mitochondria in the human heart and

provides proof of principle for the use of

elamipretide to improve mitochondrial

energetics in failing myocardium due to

multiple etiologies and irrespective

of age.
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SUMMARY
Negative alterations of mitochondria are known to occur in heart failure (HF). This study investigated the novel

mitochondrial-targeted therapeutic agent elamipretide on mitochondrial and supercomplex function in failing

human hearts ex vivo. Freshly explanted failing and nonfailing ventricular tissue from children and adults was

treated with elamipretide. Mitochondrial oxygen flux, complex (C) I and CIV activities, and in-gel activity of

supercomplex assembly were measured. Mitochondrial function was impaired in the failing human heart,

and mitochondrial oxygen flux, CI and CIV activities, and supercomplex-associated CIV activity significantly

improved in response to elamipretide treatment. Elamipretide significantly improved failing human

mitochondrial function. (J Am Coll Cardiol Basic Trans Science 2019;4:147–57) © 2019 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
MITOCHONDRIAL DYSFUNCTION AND

CARDIOLIPIN IN HEART FAILURE
A substantial body of work has implicated
abnormal mitochondrial function and conse-
quent impaired energy production via oxida-

tive phosphorylation as a factor in the development
of heart failure (HF), leading to heightened interest
in mitochondrial function as a therapeutic target (1–
3). Efficient mitochondrial function is considered
especially essential in the heart due to the sustained
energy requirements of the myocardium. Cardiolipin,
a unique phospholipid with 4 fatty acid side chains, is
critical for maintaining normal adenosine triphos-
phate generation by anchoring the proteins of the
electron transport chain onto the inner mitochondrial
membrane architecture (4). In the heart, a mitochon-
drial inner membrane enriched with tetralinoleoyl
cardiolipin (containing 4 linoleic acid side chains) fa-
cilitates the stability of the physical interaction be-
tween oxidative phosphorylation complex protein
multimers in what has been termed the mitochondrial
supercomplex, composed of complex (C) I, CIII, and
CIV (5,6). Abnormalities in cardiolipin composition
lead to mitochondrial dysfunction in the failing heart
through disruption of the supercomplex and can be
improved with dietary interventions in rodent
models (7–9). These abnormalities in mitochondrial
function have led to heightened interest in mitochon-
dria as a therapeutic target in HF (3).
SEE PAGE 158
ELAMIPRETIDE, A MITOCHONDRIAL-

TARGETED PEPTIDE

Elamipretide (formerly referred to as Bendavia, MTP-
131, and SS-31) is an aromatic-cationic, cell-permeable
tetrapeptide in a new class of mitochondrial-targeted
drugs and is the first in its class to enter clinical trials
in patients with HF (10–12). The peptide is targeted to
mitochondria via cardiolipin where it has been shown
in animal models to improve energetics and decrease
reactive oxygen species, possibly by stabilizing the
mitochondrial membrane and cytochrome c (13,14).
Elamipretide rapidly enters tissue (within minutes of
treatment) and has cardioprotective effects in
ischemia/reperfusion injury in animal models (15–18).
To date, there are no data on the direct effects of
elamipretide, or other members of this novel class, on
mitochondrial function in the human heart.

ELAMIPRETIDE IN HUMAN HF

The purpose of the present study was to investigate
the effects of elamipretide on human cardiac mito-
chondrial function. Because this study was ex vivo and
performed over the course of a few hours (too rapid to
induce cardiolipin remodeling), any effects of the drug
would likely be independent of cardiolipin molecular
species alterations. Using freshly explanted human
hearts, the current study found that: 1) elamipretide
improves impaired mitochondrial function in HF, with
no effect on normal mitochondrial function in non-
failing hearts; 2) elamipretide improves mitochondrial
supercomplex function (CI, CIII, and CIV) but does not
alter CII or CV activity; and 3) the short-term action of
elamipretide is independent of any changes in car-
diolipin side chain composition.

METHODS

CHEMICALS AND REAGENTS. Elamipretide was pro-
vided by Stealth BioTherapeutics, Inc. (Newton, Mas-
sachusetts), resuspended in water at 10 mM, and stored
at –80�C. The elamipretide ex vivo treatment

http://creativecommons.org/licenses/by-nc-nd/4.0/


TABLE 1 Characteristics of Cardiac Samples According to Experiment

High-Resolution
Respirometry Enzyme Activity Assays BN-PAGE In-Gel Activity

Cardiolipin Mass
Spectrometry

Nonfailing Failing Nonfailing Failing Nonfailing Failing Nonfailing Failing

No. of heart samples 13 23 11 12 19 21 5 10

Male 6 15 4 7 8 10 3 7

Female 7 8 7 5 11 11 2 3

Age, yrs 25 � 7 31 � 5 20 � 8 29 � 8 26 � 5 25 � 5 28 � 13 29 � 9

Ejection fraction, % 64 � 5 24 � 2 64 � 4 27 � 3 61 � 3 22 � 6 58 � 2 20 � 3

Values are n or mean � SEM.

BN-PAGE ¼ blue native polyacrylamide gel electrophoresis.
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concentration was determined by the plateau of a dose–
response curve in a subset of samples (data not shown).
Unless otherwise noted, all other chemicals were from
MilliporeSigma (Burlington, Massachusetts).

PATIENT SAMPLES. Explanted cardiac ventricular
tissue from children and adults of all races, sexes, and
ethnic backgrounds with informed consent obtained
from the subjects or their guardians were available for
this study through the institutional review board–
approved University of Colorado Pediatric and Adult
Cardiac Tissue Banks. Fresh samples were harvested
during sequential transplants at Children’s Hospital
Colorado and University of Colorado Hospital. Addi-
tional experiments were performed in previously
harvested frozen samples from the University of
Colorado Heart Tissue Bank. Sample characteristics
for each experiment are given in Table 1. More
detailed information for each patient is provided in
Supplemental Tables 1 and 2. Nonfailing tissue was
procured from donors or individuals with normal
systolic ventricular function. HF tissue was obtained
from patients undergoing transplant for terminal HF
with reduced systolic function. Heart tissue was
dissected in the operating room immediately after
explant and kept in BIOPS preservation solution at
4�C until processing (19). Mitochondria were freshly
isolated within 6 h of explant for spectrophotometric
assays. Time course experiments showed that after 3
days in BIOPS at 4�C, mitochondrial respiration was
unchanged in nonfailing tissue, but increased in HF
tissue (Supplemental Figure 1). High-resolution
respirometry experiments were performed in fresh
permeabilized cardiac fibers. Flash-frozen tissue at
time of explant was used for in-gel activity staining
using blue native polyacrylamide gel electrophoresis
(BN-PAGE) separation.
MITOCHONDRIAL ISOLATION. Subpopulations of
myocardial mitochondria, subsarcolemmal located
beneath the plasma membrane and interfibrillar
residing between the myofibrils, were isolated by
using differential centrifugation and trypsin
digestion as previously described with the following
modifications for human tissue (20,21). Briefly,
freshly explanted cardiac tissue in pieces no larger
than 5 mm was placed in ice-cold BIOPS solution.
Tissue was trimmed of fat, placed into mitochondrial
isolation buffer, and minced by using scissors. Low-
speed spins were at 1,500g and high-speed spins at
4,200g. One milligram of trypsin was used per gram of
tissue. Mitochondria were resuspended in potassium
buffer and protein quantified (BCA, Thermo Fisher
Scientific, Waltham, Massachusetts).

ENZYMATIC ACTIVITIES. Isolated mitochondria
were diluted to a final protein concentration of 1 mg/
ml and incubated with 100 mM elamipretide or an
equal volume of vehicle (water) for 1 h on ice. Enzy-
matic activities of CI, CIV, and citrate synthase were
performed at 30�C as previously described (22,23).

BLUE NATIVE POLYACRYLAMIDE GEL ELECTROPHORESIS.

Mitochondrial supercomplexes were separated by
BN-PAGE using TGX 4-15% gels (Bio-Rad, Hercules,
California). In-gel activity assays for CI, CII, CIV, and
CV were performed with septal tissue processed ac-
cording to published methods (22,24). Samples were
treated with 100 mM elamipretide for 1 h. Super-
complex and free protein bands were quantified by
using ImageJ software (National Institutes of Health,
Bethesda, Maryland). Total supercomplex activity
was calculated as a sum of all supercomplex bands.

HIGH-RESOLUTION RESPIROMETRY. Respiration of
permeabilized cardiac fibers was measured by high-
resolution respirometry (Oxygraph, Oroboros In-
struments, Innsbruck, Austria) using a stepwise
protocol to evaluate various components of the elec-
tron transport system (19,25). Approximately 30 mg of
ventricular tissue was placed in BIOPS immediately
after explant. One-half of the tissue was incubated in
BIOPS containing 100 mM elamipretide at 4�C for 1 h.
After incubation, tissue was cut into approximately
2-mgpieces and teased using forceps to separatefibers.
The tissue was then placed in a solution of BIOPS
containing 30 mg/ml saponin for 30min to permeabilize
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FIGURE 1 High-resolution Respirometry of Treated and Untreated Heart Fibers

Oxygen (O2) flux normalized to mass in permeabilized heart fibers from untreated heart failure (HF) versus nonfailing (NF) human hearts with additions of: (A) pyruvate

malate plus adenosine diphosphate (ADP); (B) subsequent addition of glutamate acting through complex (C) I; and (C) subsequent addition of succinate additionally

activating CII. (D to F) Elamipretide treatment had no effect on oxygen flux of NF samples (G to I) but significantly improved oxygen flux in HF samples after additions of

the aforementioned substrates. Untreated hearts in (D to I) are shown with closed circles and treated hearts with open circles. NF, n ¼ 13; HF, n ¼ 23.
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the plasma membrane and to allow substrate delivery
to the mitochondria. Fibers were washed for 10 min at
4�C in ice-cold mitochondrial respiration medium
containing 25 mM blebbistatin � 100 mM elamipretide
(26). Samples were blotted on filter paper, weighed,
and placed in the chambers of the Oroboros O2K
apparatus at 37�C containing respiration medium and
25 mM blebbistatin � 100 mM elamipretide. Standard
protocols were followed for calibration of the cham-
bers and followed by stepwise addition of 5 mM pyru-
vate, 1 mM malate, 4 mM adenosine diphosphate
(ADP), 10 mM glutamate, 10 mM succinate, 10 mM cy-
tochrome c, and either 2 mg/ml oligomycin or 0.5 mM
steps of carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP) (until the maximum rate was
reached) followed by 2 mM rotenone. Oxygen flux rates
were normalized per milligram of tissue wet weight.
CARDIOLIPIN QUANTITATION. Cardiolipin was
quantified in a subset of the total cohort by using
previously published methods with liquid chroma-
tography coupled to electrospray ionization mass
spectrometry in an API 4000 Mass Spectrometer
(SCIEX, Framingham, Massachusetts) (20). After
BIOPS or BIOPS Plus 100 mM elamipretide treatment
for 4 h, heart tissue was frozen without buffer at
–80�C. Tissue pieces were homogenized by using a
glass-on-glass homogenizer in phosphate-buffered
saline and lipids extracted according to previously
published methods with 1 mmol tetramyristoyl-
cardiolipin as an internal standard (Avanti Polar
Lipids, Alabaster, Alabama) (20,27). Cardiolipin spe-
cies were quantified per milligram of protein.

STATISTICAL ANALYSIS. Statistical analyses were
performed by using Prism software version 6.0



FIGURE 2 SC CCF and RCR With Elamipretide Treatment

(A) Supercomplex coupling control factor (SC CCF) ratio is lower in untreated HF than NF controls. Elamipretide treatment does not alter SC CCF in (B) NF hearts but

improves SC CCF in (C) HF. (D) The respiratory control ratio (RCR) trends lower in untreated NF hearts versus HF hearts. Elamipretide treatment has no effect on RCR in

(E) NF hearts but increases RCR in (F) HF hearts. Untreated hearts in B, C, E and F are shown with closed circles and treated hearts with open circles. NF, n ¼ 13; HF, n ¼
23. Abbreviations as in Figure 1.
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(GraphPad Software, La Jolla, California). Treatment
effects were analyzed by using a ratio-paired Stu-
dent’s t-test, with p < 0.05 being significant and p <

0.1 reported as trending toward significance (28). HF
or time-based effects were analyzed by using an un-
paired Student’s t-test. Datasets were tested for
Gaussian distribution with the D’Agostino and Pear-
son omnibus test or the Shapiro-Wilk normality test.
Data that did not conform to a Gaussian distribution
(glutamate and supercomplex coupling control factor
data) were log-transformed before analysis.

Graphs with bars show SEM for unpaired Student’s
t-test data, and graphs with paired data show means
plus SDs (chosen for clarity) flanked on either side of
the paired data. Linear regression analysis was per-
formed to assess for an association between age and
significant outcomes (no associations were
demonstrated).

RESULTS

ELAMIPRETIDE IMPROVES RESPIRATION OF INTACT

MITOCHONDRIA FROM THE FAILING HUMAN

HEART. Quantitation of the results of high-resolution
respirometry in all samples is shown in Figure 1 with
sample traces shown in Supplemental Figure 2. There
was significantly lower mitochondrial normalized
oxygen flux in HF vs nonfailing samples using pyru-
vate malate þ ADP, glutamate (CI), and succinate
(CI þ CII) as substrates (Figures 1A to 1C). There were
also significantly lower oxygen fluxes in HF with in-
hibition of flux through CI þ CII using oligomycin or
the uncoupler FCCP (p < 0.01) but not combined with
the CI inhibitor rotenone (data not shown).

Elamipretide treatment of nonfailing permeabilized
fibers did not alter mitochondrial oxygen flux
(Figures 1D to 1F). However, in HF, there was a signif-
icant increase in oxygen flux with elamipretide treat-
ment using the substrates pyruvate malate þ ADP
(Figure 1G) and glutamate (CI) (Figure 1H). Notably,
there was no significant difference with elamipretide
treatment with the addition of succinate (CI þ CII) in
HF (Figure 1I). Addition of pyruvate/malate, FCCP,
rotenone, or oligomycin did not significantly affect
oxygen flux through CI þ II (data not shown).

ELAMIPRETIDE INCREASES THE SUPERCOMPLEX

COUPLING CONTROL FACTOR AND RESPIRATORY

CONTROL RATIO IN FAILING MITOCHONDRIA. The
supercomplex coupling control factor ratio (SC CCF) is
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FIGURE 3 Individual Total Activity Measurements of CI, CIV, and Citrate Synthase in Subsarcolemmal Mitochondria

(A to C) Enzyme activities of CI, CIV, and citrate synthase are lower, trending lower, and unchanged, respectively, in untreated HF versus NF controls. (D to F) Activities

of CI, CIV, and citrate synthase are unaltered with elamipretide treatment in NF hearts. (G to I) Individual activities of CI and CIV increase with elamipretide treatment in

HF, with citrate synthase unchanged. Untreated hearts in (C to G) are shown with closed circles and treated hearts with open circles. NF, n ¼ 11; HF, n ¼ 12.

Abbreviations as in Figure 1.
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a mathematical construct to calculate the influence of
the supercomplex on a given respirometry measure-
ment and is directly proportional to supercomplex
integrity (derivation is given in the Supplemental
Methods). The SC CCF was significantly lower with
HF (Figure 2A). Elamipretide treatment in nonfailing
hearts did not alter SC CCF (Figure 2B). Conversely, in
HF, elamipretide treatment significantly increased SC
CCF (Figure 2C). The respiratory control ratio (RCR)
indicates a trend toward decreasing in HF (Figure 2D).
There was no change in RCR with elamipretide
treatment in nonfailing hearts (Figure 2E), whereas in
HF, RCR was significantly increased with elamipre-
tide treatment (Figure 2F).

ACTIVITIES OF MITOCHONDRIAL CI AND CIV IN

SUBSARCOLEMMAL MITOCHONDRIA ARE INCREASED

WITH ELAMIPRETIDE. Freshly isolated subsarcolemmal
and interfibrillar mitochondria treated with elami-
pretide were used to measure total activity of CI and
CIV as well as citrate synthase, a soluble enzyme in
the mitochondrial matrix (29). Total CI activity was
significantly lower in HF compared with nonfailing
samples (Figure 3A), whereas CIV activity in sub-
sarcolemmal mitochondria showed a trend toward a
decrease in HF (Figure 3B). No difference in citrate
synthase activity was observed between HF and the
nonfailing group (Figure 3C). In nonfailing sub-
sarcolemmal mitochondria, activities of these 3
enzyme complexes were unaffected by elamipretide
treatment (Figures 3D to 3F). However, in failing
subsarcolemmal mitochondria, both CI and CIV ac-
tivities exhibited a trend for increase by elamipretide
treatment (Figures 3G and 3H), while citrate synthase
activity was unchanged (Figure 3I). None of the
enzyme activities was altered in the elamipretide-
treated interfibrillar mitochondria (data not shown).

SUPERCOMPLEX-ASSOCIATED CIV ACTIVITY IS

ALTERED WITH ELAMIPRETIDE. BN PAGE in-gel
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FIGURE 4 In-gel Activities of Supercomplex-associated and Free Electron Transport Complexes in Subsarcolemmal Mitochondria

(A) Representative lanes from blue native polyacrylamide gel electrophoresis gels from failing hearts with in-gel activity stains for electron transport complexes CIV, CI,

CV, and CII either free or in the supercomplex with arrows/brackets showing quantifiable bands on each gel. The 4 lanes represent 2 samples with untreated or

elamipretide-treated mitochondria. (B and C) Supercomplex CIV activity is unchanged in untreated failing samples, but free CIV is decreased. (D to G) Elamipretide

treatment of nonfailing samples had no effect on CIV activity (D, E) but in failing hearts improves (F) supercomplex-associated CIV but (G) not free CIV. Untreated

hearts in (D to G) are shown with closed circles and treated hearts with open circles. NF, n ¼ 19; HF, n¼ 21. AUC ¼ area under the curve; Elam ¼ elamipretide treated;

Untr ¼ untreated; other abbreviations as in Figure 1.
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activity was used to separate supercomplex from free
CIV. Figure 4A shows representative gels for CI, CII,
CIV, and CV activities. CIV activity is present in a free
state, within the supercomplex, and in intermediate
molecular weight forms not analyzed in this study. CI
is only present in its supercomplex form. When these
bands were quantified, the quantity of CIV in the
supercomplex was not altered in HF (Figure 4B),
whereas the free CIV activity was significantly lower
(Figure 4C). In nonfailing samples, elamipretide
treatment had no effect on CIV regardless of whether
it is bound or free (Figures 4D and 4E). By contrast, in
HF, the activity of CIV in the supercomplex was
significantly higher after elamipretide treatment,
whereas activity of free CIV was unchanged
(Figures 4F and 4G). There were no significant changes
detected in the activities of CI, CII, or CV in HF or with
elamipretide treatment according to this assay (data
not shown).
CARDIOLIPIN COMPOSITION IS NOT ALTERED WITH

ELAMIPRETIDE TREATMENT. Tetralinoleoyl car-
diolipin, the predominant cardiac cardiolipin species,
with 4 linoleic acids and a mass-to-charge ratio of
1448, is shown as a percentage of the total (11 major
species were used for total) cardiolipin content. The
percentage of tetralinoleoyl cardiolipin was signifi-
cantly lower in HF, consistent with our previously
reported findings (Figure 5A), but elamipretide treat-
ment had no effect on tetralinoleoyl cardiolipin in
nonfailing or HF samples (Figures 5B and 5C) (7,30).
Cardiolipin absolute amounts, percent totals of 8
major cardiolipin species, monolysocardiolipin, or the
sum of all cardiolipin species were unaltered after
elamipretide treatment (data not shown).



FIGURE 5 Tetralinoleoyl Cardiolipin With Elamipretide Treatment

(A) The effect of HF on tetralinoleoyl cardiolipin (mass-to-charge ratio, 1,448) in untreated samples is expressed as a percentage of total cardiolipin. Elamipretide-

treated (B) NF hearts or (C) HF hearts showed no changes in tetralinoleoyl cardiolipin. Untreated hearts in B and C are shown with closed circles and treated hearts

with open circles. NF, n ¼ 5; HF, n ¼ 10. Abbreviations as in Figure 1.
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DISCUSSION

OVERVIEW OF NOVEL FINDINGS. To the best of our
knowledge, this study is the first to investigate the
effect of elamipretide on mitochondrial respiration in
explanted human heart tissue. Elamipretide treat-
ment improves left ventricular volumes in adults with
HF (12), suggesting a potentially new avenue for
therapeutic agents in HF (31). We extended these
clinical trial data by showing that impaired mito-
chondrial function in the failing pediatric and adult
human heart can be improved with elamipretide
treatment. Elamipretide treatment improved the
function of components of the electron transport
chain when they were associated with the super-
complex in human cardiac mitochondria from the
failing ventricle. Finally, acute elamipretide treat-
ment of human cardiac tissue improved mitochon-
drial and supercomplex function even though the
treatment was too rapid to allow remodeling of car-
diolipin. This comprehensive analysis in human heart
tissue provides additional insight into the mechanism
by which elamipretide treatment improves the func-
tion of the respiratory chain in human cardiac mito-
chondria. These findings support the use of
supercomplex stabilizing compounds for the treat-
ment of human disease (16,32).

ELAMIPRETIDE IN HUMAN DISEASE. Clinical trials
have used elamipretide to address renal, cardiac, and
skeletal muscle disease, but this study is the first to
show reversal of mitochondrial dysfunction in HF.
Elamipretide improved 6-min walk test distances in
patients with mitochondrial myopathy (33) and
improved left ventricular volumes in patients with HF
and left ventricular dysfunction (12). Similarly,
elamipretide was associated with improved kidney
function after renal angioplasty (34). To our knowl-
edge, there is only 1 other study exploring the
influence of elamipretide directly on human mito-
chondria. Wijermars et al. (35) examined the influ-
ence of SS-31 on mitochondrial function in normal
renal biopsy samples subjected to ischemic stress. An
important difference between their protocol and ours
was that the biopsy specimens were pretreated with
the compound during the ischemic stress followed by
a demonstration of attenuation of mitochondrial
dysfunction in the ex vivo study. Similar to our
findings in the heart, there was no effect of elami-
pretide on mitochondrial function in the control renal
biopsy specimen. Importantly, our study is the first to
report the ability to improve mitochondrial dysfunc-
tion in human disease with acute treatment with
elamipretide.

ELAMIPRETIDE’S MECHANISM OF ACTION WORKS

THROUGH THE ENZYMES OF THE MITOCHONDRIAL

SUPERCOMPLEX. Results of high-resolution respi-
rometry showed that elamipretide improves human
cardiac mitochondrial function through improved
coupling of the supercomplex-associated enzyme
complexes CI, CIII, and CIV. Oxygen flux after the
addition of supercomplex-specific substrates, pyru-
vate malate, ADP, and glutamate was impaired in the
failing heart. Elamipretide improved oxygen flux in
failing samples under these conditions, indicating
direct activity on the supercomplex. Succinate, the
next substrate added in our experimental protocol,
forces the majority of electron flow through CII, a
component of the respiratory chain not associated
with the supercomplex (36,37). CII-mediated oxygen
flux was not influenced by HF, nor was it altered by
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elamipretide treatment. Furthermore, addition of
rotenone, which inhibits CI and blocks all
supercomplex-mediated respiration, permitted CII-
mediated oxygen flux that cannot be augmented by
elamipretide treatment of tissues (Supplemental
Figure 3). These data show that the effect of elami-
pretide treatment occurs via its effect on CI/CIII/CIV
supercomplex activity.

In the complementary spectrophotometry studies,
total mitochondrial enzymatic activities of complexes
CI and CIV were increased with elamipretide in the
failing heart, with no effect on citrate synthase, a
soluble enzyme not in the membrane that serves as a
marker of mitochondrial content and nonmembrane-
associated mitochondrial activity. Enzyme activities
of CI and CIV assayed by using BN-PAGE analysis
revealed increased supercomplex-associated CIV ac-
tivity but not CI activity with elamipretide treatment.
This result may indicate a stronger effect of elami-
pretide on recruitment of CIV to the supercomplex.
Alternatively, BN-PAGE may not have the sensitivity
to detect improvement in CI activity recorded with
the enzymatic assay. Taken together, these data
suggest that elamipretide improves mitochondrial
function by directly affecting respiratory complexes
specifically associated with the mitochondrial super-
complex, perhaps by recruiting free CIV into the
supercomplex.
IMPROVEMENT OF MITOCHONDRIAL FUNCTION BY

ELAMIPRETIDE IS INDEPENDENT OF CARDIOLIPIN

REMODELING. Elamipretide reportedly rapidly tar-
gets mitochondria through the attraction between the
positively charged residues of the peptide with the
negatively charged cardiolipin head group, which is
believed to improve phospholipid-dependent bio-
energetics (13). Indeed, long-term treatment with
elamipretide in animal models has been associated
with increased mitochondrial cardiolipin remodeling
to its tetralinoleoyl form (16,38). To date, however, it is
unclear if cardiolipin remodeling after chronic treat-
ment is a cause or a consequence of elamipretide’s
mechanism of action. We would not anticipate that
elamipretide could acutely alter cardiolipin isoforms
in an ex vivo system, and in fact we report here that
drug treatment can improve mitochondrial function in
the absence of any change in cardiolipin species.

We instead hypothesize that elamipretide may
elicit its acute effects by improving the stabilization
of cardiolipin–protein interactions, allowing the
maintenance of the mitochondrial supercomplex.
IMPROVEMENT OF MITOCHONDRIAL FUNCTION IS

INDEPENDENT OF AGE AND HF ETIOLOGY. There is a
growing body of literature characterizing the unique
adaptations that exist between the failing pediatric
heart and the adult heart (39–45). These studies,
combined with the differential response of children to
adult-based HF therapies and limited improvement in
pediatric HF outcomes over the past decade, suggest
that investigations of pediatric-specific HF treatments
are needed (46–48). Importantly, the present study
included both pediatric and adult failing hearts and
showed that elamipretide improves mitochondrial
function across a number of different pathologic phe-
notypes on current evidence-based therapy. This
finding is unique and provides encouraging evidence
that the mitochondria may represent one final com-
mon pathway in HF and that mitochondrial-targeted
therapies may have more generalizable efficacy com-
plementary to existing HF therapies.

STUDY LIMITATIONS. First, this study was unable to
elucidate the mechanisms underlying chronic expo-
sure to elamipretide. Although this study concluded
that elamipretide does have a positive effect on mito-
chondrial function via the enzymes of the super-
complex, and this mechanism does not involve
changes in quantity or quality of cardiolipin, the
exposure time to elamipretide was limited to a few
hours. Future studies are needed to determine the
influence of chronic treatment on human mitochon-
drial function. Second, this study was performed with
all hearts that were sequentially collected by our tissue
bank over the course of several years. Additional
research in larger populations will be necessary to
determine if specific disease phenotypes derive
greater benefit than others. Third, systemic adminis-
tration of elamipretide could affect all other
mitochondrial-containing tissues and could cause off-
target effects not measured by these assays. Fourth,
because the experiments were performed in heart tis-
sue in isolation, concentrations of elamipretide in the
ex vivo experiments cannot be extrapolated to in vivo
treatment. Lastly, because elamipretide binds to the
mitochondrial membrane, other membrane-
dependent processes such as cross-talk with the
endoplasmic reticulum and calcium signaling could be
involved; however, this study was limited in scope to
the effect of elamipretide on the supercomplex and
electron transport system. Any additional effects of
elamipretide on human mitochondrial calcium trans-
port and endoplasmic reticulum–mitochondria in-
teractions would need to be analyzed in future studies.

CONCLUSIONS

A new class of mitochondrial-targeted drugs, which
includes elamipretide, represents a promising new
strategy for the treatment of HF (49). A central
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Ela-

mipretide, a premier member of a new class of

mitochondrial-targeted compounds, improves mito-

chondrial function in failing myocardium via increased

activity of respiratory CI and IV, and efficiency of

these complexes in a respiratory supercomplex,

improving overall mitochondrial oxygen flux. These

data support the use of mitochondrial-targeted ther-

apies to augment oxidative phosphorylation and pro-

vide a novel approach to the treatment of human HF.

TRANSLATIONAL OUTLOOK: Mitochondrial-

targeted drugs such as elamipretide show promise as

novel therapies that improve efficiency of mitochon-

drial energy production in HF caused by structural or

myocardial disease.
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problem in HF is the inability of the heart to
adequately meet its own metabolic demands due to
altered mitochondrial function and metabolism.
These drugs offer targeted benefits through
improvement of mitochondrial function and energy
production. The present study is the first to assess the
impact of a member of this new class of compounds
directly on human heart tissue. The findings of the
current study are the first to report rapid improve-
ment in mitochondrial function in the human heart,
likely through improved coupling of the mitochon-
drial supercomplex. These data support the use of
mitochondrial-targeted pharmaceutical agents to
improve energetics and mitochondrial function in the
failing heart.
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EDITORIAL COMMENT
Targeting Mitochondrial Function in
Heart Failure
Makes Sense But Will it Work?*
Muhammad Shahzeb Khan, MD,a Javed Butler, MD, MPH, MBAb
H umans produce approximately their body
weight equivalent adenosine triphosphate
(ATP) (w65 kg) each day, and although

the heart is only w0.5% of body weight, it consumes
roughly 8% of ATP generated (1). The heart possesses
the highest content of mitochondria of any tissue.
Approximately 90% of cellular ATP is used to support
the contraction-relaxation cycle (2). Calcium seques-
tration into the sarcoplasmic reticulum also requires
ATP. Production of energy in the human heart is a dy-
namic process because the heart stores only enough
energy to support a few heartbeats. Mitochondria
therefore must operate efficiently to respond
promptly to the ever-changing energy needs as
required by the rest of the body’s function. Mitochon-
drial abnormalities and reduced capacity to generate
ATP can have a profound impact in heart failure
(HF). Abnormal mitochondria are also linked to
ISSN 2452-302X
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myocyte injury because they are a major source of
reactive oxygen species production that can induce
cellular damage. Abnormal mitochondria also pro-
mote programmed cell death through the release of
cytochrome c into the cytosolic compartment and
activation of caspases (3).

Progression to HF is associated with a decline in
energy reserve capacity that ultimately reaches a
threshold after which compensatory mechanisms can
no longer support the decreasing energy supply.
Moreover, skeletal muscles also show mitochondrial
dysfunction in HF, thus contributing to exercise
intolerance (4). Mitochondrial dysfunction is also
seen in patients with renal insufficiency (5) and in
insulin resistance (6). Because patients with HF often
have both renal insufficiency and insulin resistance,
treating mitochondrial dysfunction in HF hold
promise to help through cardiac and extracardiac
mechanisms.
SEE PAGE 147
In this issue of JACC: Basic to Translational Science,
Chatfield et al. (7) describe mitochondrial function
impairment in failing ventricular tissue and investi-
gate the impact of elamipretide on mitochondrial and
supercomplex function in failing pediatric and adult
human hearts ex vivo. These investigators report that
elamipretide improved mitochondrial oxygen flux,
complex (C) I and IV activities, and supercomplex-
associated CIV activity in failing human hearts,
whereas the drug had no significant effect on normal
mitochondrial function in nonfailing human hearts.
Previous studies with elamipretide showed that the
drug directly improved energetics in various animal
models (8,9). The study by Chatfield et al. (7) is 1 of
the studies to demonstrate direct acute effects of
elamipretide on ex vivo human hearts.
https://doi.org/10.1016/j.jacbts.2019.03.003
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The study by Chatfield et al. (7) also gives addi-
tional insight into the mechanism of action of elami-
pretide, thereby suggesting that the drug improves
human cardiac function through better coupling of
supercomplex-associated enzyme complexes, CI, CIII,
and CIV, instead of cardiolipin remodeling. The main
mechanism of elamipretide benefits is believed to
arise from stabilizing cardiolipin through inhibition of
cytochrome c–cardiolipin peroxidase complex and
thus allowing maximum energy production (10,11).
However, Chatfield et al. (7) report that cardiolipin
absolute amounts and the sum of all cardiolipin spe-
cies were unaltered after elamipretide treatment, a
finding indicating that the drug may improve mito-
chondrial function without an effect on cardiolipin.
These findings should be considered with caution
because the exposure time to the intervention was
limited, and the concentrations of elamipretide
needed to produce such results could well vary
ex vivo and in vivo. The current study also highlights
that elamipretide improves mitochondrial function
independent of age and HF etiology, thus suggesting
that mitochondria may represent 1 common final
pathway in HF.

Although the study by Chatfield et al. (7) elegantly
provides evidence that elamipretide improves
myocardial energetics in failing myocardium, the
question remains whether this mechanistic benefit
will translate into clinical benefit, given that previous
attempts to restore myocardial energetics have
inconsistently led to clinical benefit. Fatty acid
oxidation reduction with the use of trimetazidine and
inhibition of excitation-contraction coupling with
ranolazine did not improve HF outcomes (12,13).
Although reactive oxygen species damage cardiolipin
and result in mitochondrial dysfunction, none of the
antioxidants have proved to be beneficial in HF; in
fact, long-term supplementation of vitamin E
(tocopherol) conferred an increased risk for HF
(14,15). On the contrary, several trials have shown
benefit of intravenous iron supplementation in pa-
tients with HF (16).

In the EMBRACE STEMI (Evaluation of Myocardial
Effects of Bendavia for Reducing Reperfusion Injury
in Patients With Acute Coronary Events–ST-Segment
Elevation Myocardial Infarction) trial, elamipretide
did not improve the primary or secondary outcomes
(17). In the randomized placebo-controlled trial of
elamipretide in HF (18), the drug was shown to reduce
left ventricular volumes; however, the confidence
intervals were wide in this small study, and there
were no changes in biomarker data. Elamipretide
is currently being investigated (NCT02788747,
NCT02814097, and NCT02914665) in larger HF studies
to determine its effect on cardiac remodeling and
clinical outcomes.

HF is a complex syndrome involving multiple
altered physiological mechanisms and organ systems
that interact. The results reported by Chatfield et al.
(7) are encouraging, and mitochondria remain a
promising therapeutic target. Data from carefully
designed and conducted clinical trials are now needed
to show whether the promise is actually fulfilled.

ADDRESS FOR CORRESPONDENCE: Dr. Javed Butler,
Department of Medicine, L-605, University of Mississippi
Medical Center, 2500 North State Street, Jackson,
Mississippi 39216. E-mail: jbutler4@umc.edu.
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Glucagon Receptor Antagonism
Ameliorates Progression of Heart Failure

Chen Gao, PHD,a Shuxun Vincent Ren, MD, PHD,a Junyi Yu, MD,a,b Ulysis Baal,a Dung Thai, MD, PHD,c,d

John Lu, MD, PHD,c,d Chunyu Zeng, MD, PHD,b Hai Yan, PHD,c,d Yibin Wang, PHDa
VISUAL ABSTRACT
IS

F

C

v

C

P

B

re
Gao, C. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(2):161–72.
SN 2452-302X

rom the aDepartment of Anesthesiology, Cardiovascular Research Laboratories, David Geffen

alifornia, Los Angeles, Los Angeles, California; bDepartment of Cardiology, Daping Hospita

ersity, Chongqing, China; cREMD Biotherapeutics, Camarillo, California; and dBeijing Cos

hina. This work is supported in part by National Institutes of Health grants HL140116 to D

ostdoctoral Fellowship from American Heart Association (17POST33661136). Drs. Thai, Lu,

iotherapeutics. Dr. Wang has served as consultant for REMD Biotherapeutics. All other autho

lationships relevant to the contents of this paper to disclose.
HIGHLIGHTS

� Systemic treatment of an antibody-based

glucagon receptor antagonist confers

cardioprotection against myocardial

infarction and post-myocardial infarction

remodeling in mice.

� Systemic treatment of glucagon receptor

antagonist prevents pressure overload

induced cardiac remodeling and

dysfunction in mice.

� Glucagon receptor antagonist treatment

attenuates the pathological progression

of heart failure induced by pressure

overload in mice.

� Long-term suppression of glucagon

signaling is potentially an effective

therapy for heart failure with different

etiologies independent of metabolic

disorders.
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Mice were treated with a fully human monoclonal glucagon receptor antagonistic antibody REMD2.59 following

myocardial infarction or pressure overload. REMD2.59 treatment blunted cardiac hypertrophy and fibrotic

remodeling, and attenuated contractile dysfunction at 4 weeks after myocardial infarction. In addition, REMD2.59

treatment at the onset of pressure overload significantly suppressed cardiac hypertrophy and chamber dilation

with marked preservation of cardiac systolic and diastolic function. Initiation of REMD2.59 treatment 2 weeks after

pressure overload significantly blunted the progression of cardiac pathology. These results provide the first in vivo

proof-of-concept evidence that glucagon receptor antagonism is a potentially efficacious therapy to ameliorate

both onset and progression of heart failure. (J Am Coll Cardiol Basic Trans Science 2019;4:161–72) © 2019 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
H eart failure affects approximately 6.5
million people over 20 years of age in the
United States, with its prevalence esti-

mated to increase about 45% by 2030 to almost 8
million (1). It is a chronic disease with complex etiol-
ogy and heterogeneity in its pathological manifesta-
tions. Major risk factors for heart failure include
smoking, hypertension, and obesity, as well as life-
style and dietary influences. Despite significant
advancement in the standard care of heart failure,
the 5-year mortality rate of the disease remains at
nearly 50% (1). The new effective therapies for heart
failure are critically needed for such a major unmet
need.
SEE PAGE 173
Glucagon (GLC) is a peptide hormone produced by
pancreatic a-cells (2–6). As a major catabolic hor-
mone, GLC stimulates glucose production from
glycogen in liver and promotes gluconeogenesis
while it inhibits glycolysis and glycogen synthesis (4).
It increases blood glucose and energy expenditure as
part of the energy mobilization process in response to
hypoglycemia and other bioenergetic stress. Conse-
quently, GLC serves as a counterbalancing hormone
with insulin to regulate glucose homeostasis
depending on nutrient conditions and available en-
ergy sources (7). The GLC receptor (GCGR) is a mem-
ber of the G protein–coupled receptor family (3,6,8,9).
The canonical function of GCGR elicited by GLC is
mediated by G protein–coupled protein kinase A
activation; however, tissue-specific function of GCGR
has been implicated in different cellular processes
(2,3,10). Elevated GLC is observed in chronic
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hyperglycemia associated with type 1 or type 2 dia-
betes (11–13). Overactivated GLC signaling may
contribute to disease progression of diabetes by
enhancing glucose production and aggravating sys-
temic hyperglycemia, as well as impairing insulin
signaling. Therefore, GCGR inhibition, using either
small molecules or antagonistic antibodies, is poten-
tially efficacious to treat diabetes as demonstrated in
both preclinical studies as well as several recent
clinical trials (11–21). However, much of the previous
studies on GLC signaling are in the liver and brain,
involving glucose metabolic regulation (2,3,22). Its
specific and cell-autonomous role in cardiac tissue
has just begun to be appreciated.

Other than glucose regulation in liver, GCGR is also
widely expressed in multiple other tissues, including
the heart (3,15,18,23–28). In a recent study by Ali et al.
(29), GLC stimulation was shown to promote ischemia
injury in mouse heart while cardiomyocyte specific
GCGR inactivation protected the heart from patho-
logical remodeling following myocardial infarction.
This study highlights the potential cardiomyocyte
cell-autonomous effect of GCGR overactivation in
cardiac pathological remodeling, and GCGR antago-
nism as a potential therapy for heart failure. REMD-
477 is a fully human anti-GCGR antibody that
competitively blocks GLC binding to the GCGR with
30-pM binding affinity, and can effectively inhibit the
receptor activity at low nanomolar concentrations in
cell-based functional assays (14,17,20). Compared
with small-molecule approaches (30), antibody-based
GCGR antagonism such as REMD-477 is a competitive
antagonist and does not have deleterious effects on
serum lipid profiles (11,12,19,21,31). Finally, REMD-477
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has been shown to be safe in a phase I study
(NCT02715193) and is being tested in 2 phase II clinical
studies (NCT03117998 and NCT02455011 for type 1 and
type 2 diabetes, respectively). In short, anti-GCGR
antibody offers a novel tool to effectively and specif-
ically inhibit GCGR with proven record of clinical
safety and efficacy at molecular and metabolic levels.

Functionally identical as REMD-477, REMD2.59 is a
surrogate human antibody specifically generated for
preclinical studies in rodents (32). In a recent study,
weekly treatment with REMD2.59 is shown to reverse
diabetes in ob/ob mice and improves cardiac function
associated with diabetic cardiomyopathy (32).
Although this study supports the cardioprotective
effect of GCGR antagonism, it is not clear whether the
beneficial effect is a direct consequence of car-
dioprotection on cardiomyocyte or an indirect result
of improved global glucose homeostasis and insulin
signaling. In the current study, we employed 2
mechanistically divergent and diabetes-independent
murine disease models for heart failure, myocardial
infarction, and pressure overload, to test whether the
cardioprotection by the GCGR antibody is the primary
effect of the receptor inhibition. Based on morpho-
logical, functional, and molecular parameters, treat-
ment with GCGR antibody REMD2.59 significantly
ameliorated the development of heart failure, by
attenuating pathological remodeling and cardiac hy-
pertrophy while preventing functional deterioration
and pathological gene expression. These novel and
exciting observations implicate a potential role of
GLC-mediated signaling in heart failure via a car-
diomyocyte cell-autonomous mechanism. It raises
the prospect of targeting GCGR as potential therapy to
treat common forms of heart failure independent of
the confounding status of global glucose metabolic
disorders.

METHODS

ANIMALS. C57BL/6 male mice (Jackson Laboratory,
Bar Harbor, Maine) were used in this study, and all
mice were housed in groups of 4 to 5 mice per cage in
a room maintained at 23 � 1�C and 55 � 5% humidity
with a 12-h light-dark cycle and given ad libitum ac-
cess to food and water.

MYOCARDIAL INFARCTION. Myocardial infarction
(MI) was induced in mice by ligation of the left
anterior coronary artery. Briefly, the chest was
opened via a left thoracotomy. The left coronary ar-
tery was identified visually using a stereo micro-
scope, and a 7-0 suture (Ethicon, Inc., Somerville,
New Jersey) was placed around the artery 1 to 2 mm
below the left auricle. The electrocardiogram was
monitored continuously. Permanent occlusion of the
left coronary artery resulted from its ligation with the
suture. Myocardial ischemia was confirmed by pallor
in heart color and ST-segment elevation. The chest
was closed with 6-0 silk suture. Once spontaneous
respiration resumed, the endotracheal tube was
removed.

TRANSAORTIC CONSTRICTION. In the transaortic
constriction (TAC) study, after intubation using a 20-
gauge plastic needle, mice were placed on a volume
ventilator (80 breaths/min, 1.2 ml/g/min) and the
anesthesia maintained by isoflurane. The chest was
opened via a limited incision in the third intercostal
space. The aorta was identified at the T8 region. A 6-
0 silk suture was passed around the transverse aorta
and tightened against a 27-gauge needle followed by
the removal of the needle. Pressure gradient was
evaluated by transaortic Doppler.

TREATMENT PROTOCOL. For the MI study, a total of
56 C57BL/6 male mice 8 to 10 weeks of age were
operated on by occluding the left anterior coronary
artery. Then they were randomly divided into 3
groups: 1) vehicle-treated (phosphate-buffered saline
[PBS]) control mice (n ¼ 20); 2) monoclonal antibody
against GCGR–treated (mAb REMD2.59) mice (n ¼ 18;
7 mg/kg, subcutaneously, 2 injections at 2 h and 14
days post-MI); and 3) GLC-treated mice (n ¼ 18; 30 mg/
kg body weight in 10% gelatin, 4 times/day for the
first 6 days). For the TAC study, C57BL6 mice at 6 to 7
weeks of age were randomly divided into 2 groups: 5
sham operated as baseline control mice and 29 mice
operated for TAC. The TAC-operated animals were
randomly divided into 3 treatment groups: 1) vehicle
treated (n ¼ 11; antibody dilation buffer A: 10-mM
NaAcetate, 5% sorbitol, 0.004% Tween 20, pH 5.2,
weekly subcutaneous injection); 2) REMD2.59 treated
(n ¼ 7; 7 mg/kg, subcutaneous injection, weekly
started at the onset of TAC); and 3) REMD2.59 therapy
(n ¼ 11; 7 mg/kg, subcutaneous injection, weekly
started 2 weeks after the onset of TAC).

CARDIAC PHYSIOLOGY. For echocardiography,
in vivo cardiac function was assessed by transthoracic
echocardiography (Acuson P300, 18-MHz transducer,
Siemens [Siemens Healthcare Diagnostics, Tarry-
town, New York] and VisualSonics 2100 [Fujifilm
Visualsonics, Toronto, Ontario, Canada]) in conscious
mice for the MI study and anesthetized mice for the
TAC study. From left ventricle short-axis view, an
M-mode echocardiogram was acquired to measure
left ventricular end-systolic and diastolic diameters.
Ejection fraction and fractional shortening were
calculated using onboard software package (Vevo
Imaging System 2100 [Fujifilm Visualsonics]).

https://clinicaltrials.gov/ct2/show/NCT02715193
https://clinicaltrials.gov/ct2/show/NCT03117998
https://clinicaltrials.gov/ct2/show/NCT02455011


TABLE 1 Reverse-Transcription-Polymerase Chain Reaction

Primer Oligonucleotides

Primer Name Sequence

BNP RT-F TAGCCAGTCTCCAGAGCAATTC

BNP RT-R TTGGTCCTTCAAGAGCTGTCTC

18s F TCAAGAACGAAAGTCGGAGG

18s R GGACATCTAAGGGCATCAC
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Imaging acquisition and analyses were performed by
investigators blinded to treatments. For hemody-
namic measurements, a Mikro-tip catheter (SPR1000,
Millar Instruments, Houston, Texas) was inserted into
the left ventricle. Left ventricular pressure was
recorded with the Powerlab Data Acquisition System
(ADInstruments Inc., Colorado Springs, Colorado) and
calculated into left ventricular developed pressure as
end-systolic pressure minus end-diastolic pressure,
as well as positive maximal left ventricular pressure
derivative (þdp/dtmax) and negative maximal left
ventricular pressure derivative (�dp/dtmax) using
Chart 7 software (AD Instruments, Colorado Springs,
Colorado).

HISTOLOGICAL STUDIES. Hearts were fixed with
10% buffered formalin, embedded in paraffin, and
sectioned at 4 mm. One middle longitudinal section
per heart was stained with Masson’s trichrome (HT-
15, Sigma-Aldrich, St. Louis, Missouri). Eight
randomly selected fields (400�) from the noninfarct
area in the left ventricle were examined for fibrosis
and myocyte size under a microscope. Each group
comprised 5 to 6 hearts, and a minimum of 40 fields
were analyzed in each group by computerized
planimetry (ImageJ, National Institutes of Health,
Bethesda, Maryland). To assess fibrosis, fibrotic blue
area and whole myocardial area were measured. The
fibrotic area was presented as a percentage of fibrotic
area to the myocardial area. Myocyte size was
measured in cross-sectioned muscle cells. In total,
100 to 150 cells/heart were analyzed based on wheat
germ agglutinin staining. Two methods were used to
assess the size of the infarcted heart. Infarct area was
calculated as a percentage of infarcted ventricular
area to total ventricular area using the front and back
sides of the heart photos. Infarct size was measured
as a percentage of infarcted ventricular wall length to
total ventricular wall length using cardiac sections.
The observer was blinded to the origin of the cardiac
sections.

TUNEL assay was performed with the In-Situ
Apoptosis Detection Kit (Thermo Fisher Scientific,
Waltham, Massachusetts). Briefly, hearts were fixed
by perfusion with 10% formalin solution, embedded in
paraffin, and sectioned at 6 mm. One middle longitu-
dinal section per heart was taken for TUNEL staining.
Proteinase K (20 mg/ml) was added to each slide.
Endogenous peroxidases were inactivated by covering
sections with 2% hydrogen peroxide. After fixation,
sections were incubated with terminal deoxy-
nucleotidyl transferase buffer at 37�C for 30 min. Re-
actions were terminated with 1� saline-sodium citrate
buffer. After being washed, slides were incubated with
RTU streptavidin-horseradish peroxidase for 30 min.
Positive signal was developed by adding DAB solution.
After counterstained with RTU hematoxylin, slides
were covered by mounting medium and analyzed
under a microscope. Each group comprised 5 to 6
hearts. Eight fields (400�) from the infarct area per
heart were analyzed for positive cells and total cells
using computerized planimetry (ImageJ). The degree
of apoptosis was presented as a percentage of positive
cells to total cells.

REAL-TIME POLYMERASE CHAIN REACTION. 1 mg
RNA was used for first-strand complementary DNA
synthesis using Random Primer (Thermo Fisher
Scientific) and SuperScriptII Reverse Transcriptase
(Thermo Fisher Scientific) according to manufac-
turer’s instruction. Real-time polymerase chain
reaction (PCR) was performed using IQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, California)
with CFX-96 Real-time PCR Detection System
(Bio-Rad Laboratories) with primers as described in
Table 1.

STATISTICAL ANALYSIS METHODS. We used student
Wilcoxon rank sum test or analysis of variance to
perform statistical analysis between 2 groups or
among multiple groups, and a p value <0.05 was
considered significant. The specific p values are
depicted in the figures according to the following
symbols, unless specified in individual figure legend:
# indicates p < 0.05, * indicates p < 0.01, ** indicates
p < 0.001.

RESULTS

GCGR ANTAGONISM ATTENUATES MI-INDUCED

CARDIAC REMODELING. Eight-week to 10-week-old
C57BL/J6 male mice were operated by permanent oc-
clusion of left coronary artery descending artery and
then randomized into 3 experimental groups, which
were treated with PBS (control group; subcutaneous
injection twice at 2 h, and 14 days post-MI) or mono-
clonal anti-GCGR antibody REMD2.59 (REMD group;
subcutaneous injection of 7 mg/kg twice at 2 h and 14
days post MI) and GLC (GLC group; subcutaneous in-
jection of 30 mg/kg 4 times/day for the first 6 days), as



FIGURE 1 Glucagon and Glucagon Receptor Antagonism in Myocardial Infarction

(A) Illustration of experimental design to investigate the effect of glucagon (GLC) and

REMD2.59 treatment on myocardial infarction (MI). (B) Blood glucose level 14 days after

vehicle (Control) or REMD treatment as indicated. The statistical significance and the

specific p values depicted in this and the following figures are described in the Methods

section according to the following symbols, unless specified for specific comparison

among specific groups: #p < 0.05, *p < 0.01, **p < 0.001. Echo ¼ echocardiography;

PBS ¼ phosphate-buffered saline; s.c. ¼ subcutaneous.
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illustrated in Figure 1A. REMD2.59 treatment modestly
but significantly reduced fasting blood glucose level,
indicating the expected GLC antagonistic effect of
REMD2.59 in mice (Figure 1B). As shown in Figures 2A
and 2B, in the vehicle-treated control group, histopa-
thology analysis at the end of the experiment period
of 4 weeks post-MI showed approximately 39% infarct
scar size relative to total heart size. In contrast, the
REMD-treated heart showed an average of 32% scar
area and GLC-treated hearts showed an average of
48% scar area. Although GLC-treated hearts trended
to have larger infarct sizes and REMD-treated hearts
trended to smaller infarct sizes, the differences did
not reach statistical significance, indicating that
myocardium sparing may not be the major basis of
protection GCGR effects in the post-MI hearts. The
REMD2.59-treated heart showed a significant reduc-
tion in the apoptotic events detected by TUNEL
(Figures 2C and 2D) as well as the level of myocardial
fibrosis measured by trichrome staining (Figures 2E
and 2F). However, the cellular identities of the
apoptotic cells remain to be determined. Finally,
REMD2.59 treatment also significantly reduced car-
diac hypertrophy versus the vehicle-treated group
based on heart weight (Figure 3A), or myocyte cross-
sectional area measurements (Figure 3B). However,
treatment of unoperated mice with REMD2.59 for 2
weeks did not affect basal heart weight (Figure 3C).
These data support the notion that GCGR antagonism
can prevent and attenuate the onset of pathological
remodeling in response to myocardial injury, by
reducing fibrosis and attenuating cardiomyocyte
pathological hypertrophy.

GCGR ANTAGONISM PRESERVES CARDIAC FUNCTION

AFTER MI. In addition to morphological and histolog-
ical analysis, we measured cardiac function in each
experimental group by both noninvasive echocar-
diogram and catheter based hemodynamic analysis.
As shown in Figures 4A and 4B, a serial echocardio-
gram showed progressive deterioration of systolic
function from 26% fractional shortening at week 1 to
16% at week 4 after MI in the vehicle-treated mice. In
contrast, the REMD2.59 treatment almost completely
preserved cardiac function from 30% fractional
shortening at week 1 to 38% at week 4. In contrast,
the mice treated with GLC showed earlier contractile
dysfunction than the vehicle-treated group, losing
fractional shortening from 26% at week 1 to 17.9% at
week 1 after MI. Consistent with the impact on sys-
tolic function, significant chamber dilation was
observed in the vehicle- and GLC-treated groups,
which was almost completely blunted by REMD2.59
treatment (Figure 4B). Using catheter-based invasive
hemodynamic measurements (Figures 4C–E), we
observed that REMD2.59 treatment significantly
elevated left ventricular developed pressure, and
systolic pressure and improved both systolic (þdP/
dtmax; p < 0.05) and diastolic (–dP/dtmax; p ¼ 0.06)
parameters in the post-MI hearts compared with the
vehicle-treated control mice. These data suggest that
GCGR inhibition can prevent loss of cardiac function
in post-MI hearts. It is noted that the mice from he-
modynamic studies had average heart rates (378 � 94
beats/min, 363 � 71 beats/min, 431 � 114 beats/min for
vehicle-, REMD-, and GLC-treated groups, respec-
tively). In contrast, the average heart rates of mice for
the echocardiograph studies were 626 � 18 beats/min,
657 � 9 beats/min, and 662 � 7 beats/min for the same
groups, respectively. Therefore, the hemodynamic
measurements were measured under a significantly
depressed state, likely due to anesthesia. Neverthe-
less, there were no differences in heart rates among
the 3 experiment groups in either measurements,
suggesting that the differences observed in the he-
modynamic or echocardiographic parameters were
not the results of differential degrees of anesthesia
levels.

GCGR INHIBITION ON PRESSURE OVERLOAD–INDUCED

CARDIAC HYPERTROPHY. To demonstrate the applica-
bility of GCGR antagonism therapy to heart failure
with different etiologies, we investigated the impact
of REMD2.59 on pressure overload induced cardiac
hypertrophy, dysfunction, and remodeling. Pressure
overload was induced by TAC as described previously
(33,34) in C57BL/6 male mice 8 to 10 weeks of age



FIGURE 2 Impact of GLC and GLC Receptor Antagonism on Myocardial Infarction

(A) Representative hematoxylin and eosin section of cardiac tissue 4 weeks after MI treated with PBS (Control), GLC, and GLC receptor

antagonist (REMD). (B) Quantification of infarct scar sizes based on histological analysis; group sizes are indicated in each bar graph. (C)

Representative TUNEL staining images of left ventricle with apoptotic cells indicated by arrows. (D) Quantification of percent TUNEL-positive

cells with group sizes indicated. #p < 0.01. (E) Representative trichrome staining of left ventricular tissue. (F) Quantification of fibrotic area

in the noninfarcted left ventricle from each group with group sizes indicated. Abbreviations as in Figure 1.

FIGURE 3 Impact of GLC and GLC Receptor Antagonist on Cardiac Hypertrophy in

Post-Myocardial Infarct Heart

(A) Heart weight (HW) versus body weight (BW) 4 weeks after MI treated with PBS

(Control), GLC, and GLC receptor antagonist (REMD). Groups sizes are indicated. (B)

Myocyte cross-sectional areas (CSA) in left ventricles of the same mouse groups as in

pane A. Group sizes are indicated. ## p< 0.001, #p < 0.01, *p < 0.05. Abbreviations as

in Figure 1.
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followed by weekly treatment of vehicle or anti-GCGR
antibody (REMD2.59, 7 mg/kg body weight, subcu-
taneous injection) starting at the same time or start-
ing at 2-weeks post TAC (REMD2.59 therapy)
(Figure 5). Compared with the sham-operated group,
TAC induced a significant increase in heart sizes as
demonstrated in histological sections of the left
ventricle, and tissue weights and cardiomyocyte
cross-sectional morphometric data of cardiac cham-
ber weight and the left ventricle (Figure 6). Concur-
rent treatment with REMD2.59 significantly blunted
the increase of heart weight and myocyte enlarge-
ment compared with the TAC group. In contrast,
starting REMD2.59 treatment at 2 weeks post-TAC
(REMD2.59 therapy) failed to block left ventricular
hypertrophy. These data indicate that GCGR inhibi-
tion can prevent the onset of cardiac hypertrophy
induced by pressure overload, but has limited effect
to reverse established cardiac hypertrophy.

GCGR INHIBITION IN PRESSURE OVERLOAD–INDUCED

CARDIAC DYSFUNCTION. Using serial echocardiogram
analysis, we found cardiac function, as measured
from ejection fraction and percent fractional short-
ening, was significantly impaired by chronic pres-
sure overload as early as 2 weeks post-TAC and
deteriorated further at 5 weeks post-TAC (Figure 7),



FIGURE 4 Impact of GLC and GLC Receptor Antagonist on Cardiac Function and Chamber Dilation in Post-Myocardial Heart

(A) Fractional shortening and (B) left ventricular end-systolic dimension (LVESD) in MI hearts treated with PBS (Control; n ¼ 10, blue), GLC

(n ¼ 6, purple), and GLC receptor antagonist (REMD; n ¼ 11; red) at different time points recorded by echocardiogram. #p < 0.05 REMD

versus Control; REMD versus GLC. (C) Left ventricular developed pressure (LVDP). (D) Left ventricular systolic pressure (LVSP). (E) Maximum

pressure derivative (þdP/dtmax) and (F)Minimum pressure derivative (–dP/dtmin) as measured by conductance catheter. Abbreviations as in

Figure 1.

FIGURE 5 Glucagon and Glucagon Antagonism in Pressure-Overload Induced Cardiac

Hypertrophy

Illustration of treatment regiments for pressure overload–induced heart failure by GLC

receptor antagonist either at the onset of the transaortic surgery (transaortic constric-

tion [TAC] þ REMD) or 2 weeks after (TAC þ REMD therapy). Abbreviations as in Figure 1.
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along with pulmonary congestion (Figure 6B).
Treating mice with REMD2.59 at the onset of pres-
sure overload largely preserved the contractile
function in the pressure-overloaded hearts with
ejection fraction and percent fractional shortening
statistically unchanged comparing with the sham-
operated mice at 5 weeks post-TAC (Figure 7).
Starting REMD2.59 treatment 2 weeks after TAC,
when functional impairment had already man-
ifested, blunted further deterioration comparing to
the vehicle-treated group. Using speckle tracking–
based tissue-strain analysis from echocardiographic
images (Figure 8), we observed that REMD2.59
treatment from the onset of TAC prevented the
pressure overload–induced systolic and diastolic
dysfunction as demonstrated in both systolic strain
and diastolic strain rate. In contrast, REMD2.59
treatment starting 2 weeks post-TAC had limited
success to reverse these parameters. The car-
dioprotective effect of REMD2.59 treatment was also
manifested in significantly blunted pulmonary
congestion (Figure 6B). All these evidences suggest
that GCGR antagonism exerts significant protection
against pressure overload induced cardiac dysfunc-
tion and blunts progression of heart failure.

GCGR ANTAGONISM ON PATHOLOGICAL REMOD-

ELING IN THE PRESSURE-OVERLOADED HEART. As a
common feature of cardiac remodeling, chronic



FIGURE 6 Impact of GLC Receptor Antagonist on Cardiac Hypertrophy

(A) Representative histological section of ventricle by hematoxylin and eosin staining of the heart from each treatment group as indicated.

(B) Tissue weight measured at week 5 post-TAC from each treatment group as indicated, including HW versus BW (HW/BW), left ventricle

weight versus BW (LVW/BW), and lung weight versus BW (LW/BW). *p < 0.05 versus sham. (C) Representative images of tissue section of left

ventricles stained with wheat germ agglutinin from each treatment group as indicated. (D) Quantification of cardiomyocyte cross-sectional

area in left ventricles of hearts from different treatment groups as indicated. *p< 0.05 versus Control, #p< 0.05 versus TAC. Abbreviations

as in Figures 1, 3, and 5.
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pressure overload induced significant level of cardiac
fibrosis, as detected by trichrome staining (Figures 9A
and 9B) and the expression of a pathological marker
gene B-type natriuretic peptide measured by quanti-
tative reverse transcription PCR (Figure 9C).
REMD2.59 treatment started either at the onset of
pressure overload or 2 weeks post-TAC completely
blocked these changes. Therefore, GCGR inhibition
can significantly block pathological remodeling in
stressed heart in terms of extracellular matrix
remodeling or gene expression.

DISCUSSION

In this report, the therapeutic effect of a GCGR
antagonistic antibody REMD2.59 was tested in 2
mechanistically divergent disease models of heart
failure without confounding defects in global



FIGURE 7 Functional Impact of GLC Receptor Antagonist on Contractile Function Measured by Echocardiogram

(A) Ejection fraction and (B) fractional shortening were measured at basal (week 0), 2 weeks post-TAC (week 2) and 5 weeks post-TAC from

each treatment group as indicated. *p < 0.05 TAC versus TAC þ REMD; #p < 0.05 TAC versus TAC þ REMD therapy. Abbreviations as in

Figures 1 and 5.

FIGURE 8 Impact of GLC Receptor Antagonist on Pressure-Overloaded Heart Measured by Tissue Strain

(A) Representative images of long-axis echo recording (left panel), with cross-sectional segment synchronicity map (middle panels), and

radial and longitudinal endocardial strain (right panel). (B) Average systolic radial strain and (C) average diastolic longitudinal strain rates at

week 0, 2, and 5 post-TAC from each experimental group as indicated. *p < 0.05 Control versus TAC; #p < 0.05 TAC versus TACþREMD; $p <

0.05 Control versus TAC þ REMD therapy. Abbreviations as in Figures 1 and 5.
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FIGURE 9 Impact of GLC Receptor Antagonist on Pathological Remodeling

(A) Representative images of trichrome-stained tissue section from hearts of different experimental groups as indicated. (B) Quantification of

cardiac fibrosis from panel A. (C) messenger RNA expression level of B-type natriuretic peptide as measured by quantitative reverse tran-

scriptase polymerase chain reaction in heart tissue from different experimental groups as indicated. n ¼ 3/group. #p < 0.05 versus Sham.

Abbreviations as in Figures 1 and 5.
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metabolism. Based on histological and functional
analyses in both MI-injured and pressure-overloaded
hearts, REMD2.59 treatment showed significant pro-
tection against cardiac hypertrophy and fibrosis
remodeling with better preserved contractile func-
tion. These findings support a broadly applicable
cardioprotective effect of GCGR inhibition against
heart failure with different etiologies. As both these
pathological stressors are imposed specifically and
directly on heart rather in a systemic fashion, the
observed cardioprotection of REMD2.59 is likely the
result of its direct impact on GCGR signaling in car-
diomyocytes rather than its impact on global glucose
metabolic activities. This observation is consistent
with the previous observations made in the
cardiomyocyte-specific GCGR knockout mice, which
have demonstrated the cardioprotective effect of
GCGR antagonism against myocardial infarction in a
receptor-dependent and cardiomyocyte cell-
autonomous manner (29,32).

GLC and insulin are both pancreatic but counter-
balancing hormones important to maintain systemic
glucose regulation. GLC exerts its function via a
peptide G protein–coupled receptor, GCGR. The ca-
nonical GCGR-mediated signaling involves classic G
protein–coupled cAMP-dependent protein kinase A
activation in hepatocytes, leading to induction of
gluconeogenesis and glycogen catabolism, while
inhibiting glycolysis (7,35). In addition to its pre-
dominant expression in liver, GCGR is also expressed
at modest to low levels in the kidney, heart, pancreas,
and many other tissues (3,8,36). Although G protein–
coupled canonical signaling for GLC is well estab-
lished in hepatocytes, other mechanisms involving
intracellular calcium regulation have also been re-
ported in nonhepatocytes including cardiomyocytes
(3,10,28,36). In this report, we investigated GCGR in-
hibition in 2 mechanistically divergent disease
models (i.e., myocardial infarction vs. pressure
overload), the treatment resulted in similar car-
dioprotective effects against a broad spectrum of
sequential pathological features in the failing heart,
including cardiomyocyte hypertrophy, marker gene
induction, interstitial fibrosis, and most importantly,
cardiomyocyte contractile dysfunction. Apparently,
GCGR antagonism is affecting cellular processes
shared by different etiologies of cardiac pathology,
including diabetes (32), ischemic injury, and me-
chanical overload. It is conceivable that abnormal
GCGR activity may impact on cellular metabolism and
energetic status via AMPK-dependent modulation in
working heart as shown by Sharma et al. (32). How-
ever, our understanding to noncanonical signaling
mechanism of GCGR is still very limited, and more
studies are needed to illustrate the mechanistic basis
of GCGR antagonism–mediated cardioprotection in
response to different pathological stressors and en-
ergy homeostasis in failing hearts.

It is important to note that when REMD2.59 was
applied 2 weeks after the onset of pressure overload,



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Systemic treat-

ment of an antibody-based GCGR antagonist is currently in phase

I and II clinical trials for type 1 and type 2 diabetes. The current

study demonstrates for the first time that systemic treatment of

GCGR antagonist can also exert potent cardioprotection against

ischemic injury in the heart, and prevents pathological remod-

eling and heart failure induced by mechanic overload in nonob-

ese and nondiabetic mice.

TRANSLATIONAL OUTLOOK: Systemic treatment of GCGR

antagonist can be considered as a potential therapy for heart

failure with different etiologies without concurrent metabolic

disorders.
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GCGR antagonism no longer had any significant
impact on cardiac hypertrophy, but still preserved
the residual functions of the heart (Figures 6 and 7).
This is consistent with previously reported observa-
tion that cardiomyocyte hypertrophy is established
rather early in response to pressure overload while
contractile dysfunction and fibrotic remodeling will
continue to manifest (33). Our results highlight the
potential limitation in the therapeutic window for
heart failure. Nevertheless, REMD treatment can halt
the further progression of heart failure and remod-
eling despite the limitation that GCGR antagonism
may not be sufficient to reverse established cardiac
hypertrophy and to fully restore contractile function.
It is clear that more studies will be needed to fully
establish the therapeutic efficacy of GCGR antago-
nism. Clinically relevant large animal models with
established heart failure will be needed, and longer-
term treatment and better outcome-based measure-
ments (e.g., death and exercise tolerance) will be
required.

Extensive pharmacological and structural analysis
shows GCGR antibody REMD-477 competitively
blocks GLC binding to the GCGR with 30-pM binding
affinity, and can fully inhibit the receptor activity at
low nanomolar concentrations in cells (14,17,20).
Functionally identical to REMD-477, REMD2.59 is a
surrogate human antibody specifically generated for
chronical preclinical studies in rodents and primates.
Unlike previous small-molecule approaches (30),
REMD-477 does not have deleterious effects on
serum lipid profiles (11,12,19,21,31) in both ongoing
clinical trials in diabetes patients. In short, the anti-
GCGR antibody as tested here offers a novel and
powerful therapeutic tool to effectively and specif-
ically inhibit GCGR with proven record of clinical
safety and efficacy at molecular and metabolic
levels.

Several other diabetic therapies, including GLC-
like peptide-1 agonists (37,38), dipeptidyl peptidase
4 inhibition (39), and sodium glucose cotransporter 2
inhibitors (40,41), have demonstrated various de-
grees of cardiovascular benefits along with amelio-
rated metabolic defects in glucose homeostasis. Yet,
not all glucose-lowering therapies have such signifi-
cant cardiovascular protective effects as sodium
glucose cotransporter 2 inhibition (42–46). It is also
unclear if these therapies will be efficacious for
common forms of heart failure without the con-
founding metabolic disorders. Our current study in 2
heart failure disease models free from systemic
metabolic disorders further supports that GCGR in-
hibition may be repurposed as an effective therapy
for common forms of heart failure.
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EDITORIAL COMMENT
Modulation of Glucagon Signaling
A Metabolic Approach for Heart Failure?*
Alessandro Pocai, MD
SEE PAGE 161
G lucagon is secreted mainly from the a-cells
of the pancreas and regulates glucose
homeostasis through modulation of hepatic

glucose production. As elevated glucagon levels
contribute to the pathophysiology of hyperglycemia
in patients with type 2 diabetes (T2D) (1), there have
been several attempts to develop small-molecule
glucagon receptor (GCGR) antagonists. Although
promising glucose-lowering effects have been re-
ported, dose-dependent increase in LDL-cholesterol,
blood pressure, body weight, and plasma transami-
nases have been observed (2–4). In recent years, and
thanks also to the information obtained from these
clinical trials, more under-acknowledged pleiotropic
effects of glucagon on lipids and body weight have
become clearer (5). Glucagon is also reported to
have effects on the cardiovascular system, but a thor-
ough understanding of the impact of modulation of
GCGR on the heart is still lacking (6). Several drugs
already used in patients with T2D result in increased
or decreased circulating glucagon and have been
tested in cardiovascular outcome trials. The data
obtained so far have not established a clear beneficial
or deleterious directionality for glucagon. Dipeptidyl
peptidase-4 inhibitors that have a glucagonostatic
effect have shown cardiovascular neutrality or higher
risk of hospitalization for heart failure (7), whereas
glucagon-like peptide-1 receptor (GLP1R) agonists
ISSN 2452-302X
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lower glucagon but also have additional effects on
body weight and blood pressure and are either
neutral or cardioprotective (7). Sodium glucose
cotransporter-2 inhibitors (SGLT2i), which have been
reported to increase plasma glucagon (8), result in
reduction of the rates of hospitalization for heart
failure (7).
In this issue of JACC: Basic to Translational Science,
Gao et al. (9) report the consequences of antagonizing
glucagon receptors with a monoclonal antibody
(REMD2.59) in 2 nondiabetic rodent models of heart
failure.

Mice with myocardial infarction (MI)-induced by
ligation of the left coronary artery were treated with
PBS, REMD2.59, or glucagon. Histopathologic and
morphological analysis of heart post-MI showed
reduced infarct size areas in animals treated with
REMD2.59, whereas glucagon-injected animals
showed a trend toward larger infarct size areas.
REMD2.59 also reduced myocardial fibrosis, heart
weight, and myocyte cross-sectional area. Consistent
with impact on systolic function, chamber dilation
was observed in vehicle- and glucagon-treated groups
and was blunted by treatment with REMD2.59.
REMD2.59 also improved both systolic and diastolic
parameters in the post-MI heart. The authors
concluded that REMD2.59 reduces pathological
remodeling post-MI by reducing fibrosis and car-
diomyocyte hypertrophy, leading to improvement of
cardiac function.

Treatment with REMD2.59 (REMD) at the onset of
pressure-overload (TAC) partially prevented cardiac
hypertrophy and chamber dilation with preservation
of systolic and diastolic function. Two weeks after
pressure overload, REMD2.59 (REMD therapy)
reduced the progression of cardiac pathology but no
longer had any effects on left ventricle hypertrophy
https://doi.org/10.1016/j.jacbts.2019.03.006
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while partially preserving residual function of the
heart. REMD and REMD-therapy reduced chronic
pressure–overload-induced cardiac fibrosis, suggest-
ing reduction in pathological remodeling.

The authors proposed glucagon receptor antago-
nism as a new therapeutic approach to treat onset and
progression of heart failure with different etiologies,
independently of any improvements on metabolic
status.

The data presented herein are consistent with
cardiomyocyte-specific deletion of GCRG (10),
demonstrating that heart-specific elimination of
GCGR signaling reduces mortality that is induced by
experimental ischemia in normal mice.

However, there are some experimental caveats and
questions that need to be explored further.

Glucagon was administered as 4 injections a day for
the first 6 days to post-MI mice and is expected to in-
crease glucose production with changes in overall
metabolic status (5). Also, a placebo group to control
for vehicle composition and frequency of administra-
tion was not included in this study. Consistent with
the above-mentioned metabolic changes in normal
mice, the authors reported decreased fasting plasma
glucose in mice treated with REMD2.59. Although the
animals were nondiabetic, and the injury was local-
ized to the heart, it is unclear if these metabolic
changes contributed to the effects observed.

An important consideration is the potential for
transability of these findings from mice to humans.
Ligation of the left coronary artery is 1 of the
preferred methods of inducing local injury and
subsequent heart failure. However, contrary to the
clinical situation, in which the patient has progres-
sive nonocclusive coronary artery obstruction, MI in
this model is due to occlusion of a normal artery.
Although the latter is 1 of the strengths of this
work—as it allows the evaluation of a potential
direct effect on the heart, limiting systemic meta-
bolic changes—it reduces the translational relevance
of the model. It would be important to generate
mechanistic data supporting a direct effect of
REMD2.59 on the heart: for example, by evaluating
REMD2.59 in isolated cardiomyocytes. This last
experiment would be helpful also because pharma-
cological blockade may not entirely replicate car-
diomyocytes genetic ablation of GCGR (10). As
mentioned above, small-molecule GCGR antagonists
in patients with T2D have shown increased plasma
LDL-cholesterol, blood pressure, weight, and plasma
transaminase (2–4). Of note, preliminary assessment
of a GCGR antisense did not result in any of these
adverse events in patients with T2D, opening the
possibility that some actions may not be mediated
by GCGR (11). However, there are additional changes
observed in humans that need to be evaluated
carefully, such as the impact on pancreatic abnor-
malities including a-cell hyperplasia reported in
patients with loss of function of the GCGR (12,13).
REMD 2.59 is a surrogate human antibody generated
for preclinical studies and is functionally identical to
REMD-477 (9). REMD-477 was tested in a short-term
study in patients with T1D, and the effects on
glucose and circulating hormones were monitored
between day 6 and 12 post-treatment (14). Longer-
term studies are required to demonstrate that the
antibody approach does not have similar liabilities
that might offset any direct and indirect benefit on
the heart.

In a previous publication, the same authors
reported that REMD2.59 activates adenosine
monophosphate-activated protein kinase (AMPK) in
the heart, leading to improved diabetic cardiomyop-
athy (15). Activation of heart AMPK has been shown to
result in cardiac hypertrophy without apparent
functional consequences, reminiscent of cardiac hy-
pertrophy observed in athletes. Whether this effect is
tolerable in humans with heart failure of different
etiologies has yet to be determined (16).

Recent data suggest a potential beneficial action of
ketone bodies in the failing heart (17) and, because
glucagon stimulates ketone bodies formation through
the liver, it is important to consider that GCGR
antagonism may deprive the heart of a key fuel it
requires under failing conditions.

Many questions remain regarding the potential
beneficial effects of GCGR antagonism on the failing
heart. For the reasons highlighted above, these re-
sults must be interpreted with caution.

Several combinations with metabolic targets such
as GLP-1 and SGLT2i are currently in clinical trials,
with the promise of achieving profound weight loss
and glucose lowering while leveraging their car-
dioprotective effects (18–20). These novel approaches
are expected to have important bidirectional effects
on GCGR. Modulation of metabolic pathways with
direct and indirect action on the heart may be critical
for the treatment of heart failure with and without
concurrent metabolic disorders and support the need
for continued mechanistic work to define the path-
ways involved.

ADDRESS FOR CORRESPONDENCE: Dr. Alessandro
Pocai, Janssen Research and Development, Cardio-
vascular and Metabolism, 1516 Welsh and McKean
Roads, Spring House, Pennsylvania 19477. E-mail:
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HIGHLIGHTS

� Inhaled hydrogen gas has been shown to

temper the sequelae of ischemic insults.

Its application in cardiopulmonary bypass

has not been investigated.

� Neonatal swine were cannulated to

cardiopulmonary bypass and exposed to

prolonged circulatory arrest (75 min at

25�C). Swine were randomized to

treatment with or without inhaled 2.4%

hydrogen gas mixtures for 24 h during

and following ischemic injury. Hydrogen-

treated swine exhibited significantly less

severe brain injury than controls, as

quantified by clinical examination,

serology, magnetic resonance-graded

volume of injury, and histopathology.

Hydrogen treatment also decreased

renal injury.

� The administration of inhaled 2.4%

hydrogen gas mixtures through a

standard ventilator and anesthesia

machine were safe, even in the setting of

electrocautery.
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H2 = hydrogen gas

�OH = hydroxyl radical
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This study used a swine model of mildly hypothermic prolonged circulatory arrest and found that the addition

of 2.4% inhaled hydrogen gas to inspiratory gases during and after the ischemic insult significantly decreased

neurologic and renal injury compared with controls. With proper precautions, inhalational hydrogen may be

administered safely through conventional ventilators and may represent a complementary therapy that can be

easily incorporated into current workflows. In the future, inhaled hydrogen may diminish the sequelae of

ischemia that occurs in congenital heart surgery, cardiac arrest, extracorporeal life-support events, acute

myocardial infarction, stroke, and organ transplantation. (J Am Coll Cardiol Basic Trans Science 2019;4:176–87)

© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
N ewborns with critical congenital heart dis-
ease often undergo major surgical interven-
tions in the neonatal period that require the

use of cardiopulmonary bypass (CPB). Several studies
have provided radiographic evidence showing that
new ischemic injury occurs following CPB (1–7). Neo-
nates with the diagnosis of left heart obstructive le-
sions are consistently at the highest risk of cerebral
injury (5,8). In 1 study (1), new white matter injury
(i.e., not present preoperatively) was evident in
more than 70% of neonates undergoing aortic arch
reconstruction. Cerebral injuries included moderate
or severe white matter injury in 40% to 50% of pa-
tients; new infarctions were found in one-third of
patients. Further, clinically evident seizures have
been reported in up to 20% of neonates following sur-
gery for congenital heart disease and are more com-
mon in patients undergoing prolonged deep
hypothermic circulatory arrest (9,10). Subclinical sei-
zures occur in an even higher fraction (1,10,11). The
presence of postoperative seizures is an important
marker of underlying ischemic injury, which may
manifest as radiologic injury and developmental
delay years later (12). Thus, although abnormal neu-
rodevelopment in infants with critical congenital
heart disease is multifactorial (including in utero, ge-
netic, and socioeconomic risk factors) (13), injury
occurring during CPB represents a significant contrib-
utor to neurologic impairment.

To mitigate this problem, nearly all operations are
performed under some degree of hypothermia, which
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suppresses cerebral oxygen consumption (14), and
enhances preservation of high-energy phosphates,
and reduces the accumulation of toxic metabolites
(15). Cerebral hypoxia can be monitored using cere-
bral near-infrared spectroscopy and the degree and
duration of cerebral hypoxia have been associated
with subsequent neurologic impairment. For
example, newborns experiencing a regional cerebral
oxyhemoglobin saturation index <40 exhibited worse
receptive communication at 2 years of age than those
who did not (16). Efforts to minimize cerebral
hypoxia during congenital heart surgery have resul-
ted in improvements in neurologic outcomes. For
example, the addition of carbon dioxide during hy-
pothermia (i.e., pH-stat, which promotes cerebral
vasodilation during bypass) was associated with a
more rapid return of normal electroencephalographic
activity (17). In another study (18), target hematocrit
during CPB was significantly associated with Psy-
chomotor Development Index (PDI) scores at 1 year of
age (18).

At a cellular level, cerebral hypoxia during CPB
creates a complex cascade of changes within the inner
mitochondrial membrane, causing formation of
the superoxide anion radical (O2

��) (19), which in turn
generates hydroxyl radicals (�OH) by the Fenton
reaction. The �OH is the strongest of the oxidant
species and reacts indiscriminately with nucleic
acids, lipids, and proteins, causing direct cellular
injury and stimulating apoptosis. Because there is no
known detoxification system for �OH, scavenging
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FIGURE 1 Presumed Mechanism of H2 Action in the Setting of Ischemia

Ischemic insults create tissue hypoxia, stimulating a complex cascade (not shown) that results in the release of superoxide (O2
��). When O2

��

is present in excess (i.e., when compensatory mechanisms become saturated), it directly causes the reduction of transition metal ions,

including Fe3þ and Cu2þ, which in turn, generates hydroxyl radicals (�OH) by the Fenton reaction. The �OH is the strongest of the oxidant

species and is the direct effector of DNA injury and lipid membrane peroxidation, which releases HNE and MDA, causing direct cellular injury

and stimulating apoptosis. Unlike O2
�� and H2O2, there is no known detoxification system for �OH; therefore, scavenging �OH is a critical

antioxidant process. Molecular hydrogen (H2), which freely permeates the cell wall and diffuses into the cytosol and mitochondria, reduces

the hydroxyl radical to water and thus mitigates �OH-mediated tissue injury. HNE ¼ 4-hydroxyl-2-nonenal; MDA ¼ malondialdehyde;

SOD ¼ superoxide dismutase.
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�OH is a critical antioxidant process (20). Recently, it
has been discovered that hydrogen gas (i.e., molecu-
lar dihydrogen [H2]) selectively reduces �OH in vivo
(Figure 1) (21). For example, rodents breathing either
2% or 4% H2 for 90 min following a period of middle
cerebral artery occlusion exhibited a substantially
smaller infarct volume, improved neurologic scores,
weight gain, and thermoregulation relative to
controls (21), findings that were repeated by an in-
dependent group (22). In another study (23),
H2-treated rodents undergoing a 5-min period of
asphyxial cardiac arrest exhibited more favorable
neurologic scores, improved myocardial function,
and improved 96-h survival than did those treated
with targeted temperature management alone. Here,
we studied the effects of inhalational H2 gas on
neurologic outcomes in neonatal swine undergoing
cerebral hypoxic-ischemic injury in the setting of
hypothermic CPB. We hypothesized that the inhala-
tion of H2 gas surrounding a CPB-related ischemic
injury would diminish the degree of neurologic
injury in subject animals relative to that in control
animals.

METHODS

The following protocol was approved by the Institu-
tional Animal Care and Use Committee at Boston
Children’s Hospital (protocol 15-08-2990) (Figure 2),
which included a review of hydrogen-related envi-
ronmental hazard concerns.

EXPERIMENTAL PROTOCOL. Sixteen neonatal female
Yorkshire swine (3.8 to 5.8 kg; post-natal age: 6 to
10 days of life) were acclimated to their surroundings



FIGURE 2 Study Protocol

Neonatal swine were acclimated with bottle feedings 5 time per day (blue marks) for 5 days prior to experimentation. On the day of experimentation, swine were

anesthetized and instrumented for cardiopulmonary bypass. Ischemic injury included circulatory arrest for 75 min at 25�C. Swine were then rewarmed and dec-

annulated and underwent mechanical ventilation using a standardized intensive care protocol. Swine were ventilated for a total of 24 h (including pre- and post-

operative treatments) with or without 2.4% inhaled hydrogen therapy (n ¼ 8 swine per group). Videotaped neurologic examinations (green marks) took place prior to

and daily following the circulatory arrest period. Swine underwent sedated brain MRI followed by terminal cerebral perfusion for histopathologic examination on

postoperative day 3. F ¼ Friday; M ¼ Monday; MRI ¼ magnetic resonance imaging; R ¼ Thursday; RN ¼ nursing care; S ¼ Saturday/Sunday; W ¼ Wednesday.
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and bottle fed 5 times daily by research staff for
6 days. On the day of experimentation, swine
were anesthetized by intramuscular injections of
tiletamine (Telazol), xylazine and atropine, and tra-
cheally intubated. Swine were then sedated by using
inhaled isoflurane (0.25% to 2%). Neuromuscular
blockade (cisatracurium) was administered upon
anesthetic induction and then again prior to sternot-
omy incision. A right femoral arterial (3-F sheath)
catheter and a right internal jugular venous (4-F, 5 cm)
catheter were placed and continuously transduced.
Esophageal and rectal temperature probes were
placed. A median sternotomy was performed, a sub-
total thymectomy performed, and the pericardium
opened. A sterile human infant-sized CPB circuit
(S5 infant perfusion pack, Sorin Group, Arvada,
Colorado) was primed with blood from an adult donor
swine sacrificed on the previous day. The right atrium
and ascending aorta were cannulated (18-F DLP
malleable single-stage venous and 10-F arterial can-
nulas, Medtronic-Biomedicus, Eden Prairie, Minne-
sota), and full-flow CPB was instituted. As is our
institution’s clinical practice, a dose of methylpred-
nisolone (30 mg/kg intravenous [IV]) was adminis-
tered upon initiation of CPB. Swine were then cooled
to 25�C (measured rectally) over 30 min, using a pH-
stat management strategy (carbon dioxide added).
Following cooling, the aorta was cross-clamped, and
a solution of cold blood, potassium, magnesium, and
lidocaine were administered into the aortic root,
and cardioplegia was induced (del Nido Cardioplegia
Solution [24]), causing prompt diastolic arrest. Cir-
culation was then discontinued for a 75-min period of
circulatory arrest. Rectal temperature was main-
tained as close to 25�C as possible by using surface
cooling as needed. Following circulatory arrest, cir-
culation was restored, and swine were warmed to
37�C over 60 min. Swine were then weaned from CPB
using inotropic support as needed to maintain sys-
tolic blood pressure >80 mm Hg. Cannulas were
removed, hemostasis ensured, and the sternum
closed.
SURVIVAL PERIOD. Sedation was then transitioned
to infusions of propofol (1 to 3 mg/kg/h) and fentanyl
(1 to 2 mg/kg/h), and inhalational isoflurane was dis-
continued for an 18-h period of regimented intensive
care staffed by intensive care nursing staff. During
this time, esophageal temperature was continuously
monitored and maintained below 38�C by using a
cooling blanket. Blood pressure was maintained with
an infusion of dopamine (3 to 5 mg/kg/min, titrated to
systolic blood pressure >70 mm Hg). Diuresis was
achieved by using furosemide (1 mg/kg every 12 h).
Mechanical ventilation was continued by using syn-
chronized, intermittent mandatory ventilation with a
fraction of inspired oxygen, required to maintain
pulse oximetry saturation of 95% and target tidal
volumes of 8 ml/kg. Animals were continuously
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monitored for clinical seizure activity. Seizures last-
ing longer than 2 min were treated according to a
protocol of lorazepam (0.1 mg/kg IV every 5 min up to
3 doses), then phenobarbital (20 mg/kg IV every 20
min for 2 doses), then fosphenytoin (20 mg/kg IV
every 20 min for 2 doses), then an increase in the rate
of propofol infusion (up to 10 mg/kg/h). Inotrope
score was calculated as: [dopamine (mg/kg/min) þ
dobutamine (mg/kg/min) þ 100� epinephrine (mg/kg/
min)] (25).

After the animals underwent 18 h of intensive care,
the arterial catheter, thoracic drain, and tracheal tube
were removed. Swine were then observed for 3 days,
with quantification of neurologic status by daily
neurologic examinations. Blood drawn prior to and
daily after the injury was analyzed for complete blood
count, chemistry profile, hepatic transaminases, and
venous blood gas analysis. Glial fibrillatory acidic
protein (GFAP) was assessed using an electro-
chemiluminescent sandwich immunoassay (Meso
Scale Diagnostics, Rockville, Maryland), with a
detection range of 0.001 to 40.0 ng/ml (26).

INHALED HYDROGEN THERAPY. Animals were ran-
domized to treatments as described above with or
without inhaled hydrogen (2.40%) for a 24-h period
during and after the ischemic injury (n ¼ 8 per group).
At the beginning of the study, we created a table that
dictated the treatment allocation for each experiment
in random order, according to which patients were
treated. Due to environmental hazards and logistical
considerations, members of the veterinary, perfusion,
and overnight nursing staff were not blinded to
treatment group allocation, whereas surgical staff,
neurologists, and histopathologists were blinded to
treatment allocation. Premixed, certified hydrogen
gas blends containing 2.40 � 0.05% of grade-6 purity
(99.9999%) hydrogen gas with either balance medical
air or medical oxygen (Praxair Distribution, Inc.,
Jessup, Maryland) were obtained and received as
nonflammable gas mixtures. These tanks were fitted
with a 50-psi regulator and a flash arrestor and then
attached directly to the air and oxygen (respectively)
inlets of the anesthesia machine (Dräger Apollo,
Coppell, Texas) during the experimental period and
to the mechanical ventilator (Servo I model, Maquet,
Gothenburg, Sweden) during the survival period
(Supplemental Figure S1). Additional hydrogenated
“carbogen” mixtures were made, including 0%, 4%,
6%, and 8% carbon dioxide, 2.40% hydrogen, and
balance oxygen for use during hypothermic perfu-
sion. Ambient hydrogen concentrations were
measured continuously (Eagle 2 model, RKI In-
struments, Union City, California).
SWINE NEUROLOGIC DEFICIT SCORES. Swine were
evaluated prior to and following each 24-h period
after the injury using a previously described swine
neurologic deficit score (SNDS) (27) by 2 research
technicians, present for each examination (unblinded
to treatment allocation), and 2 neurologists (by re-
view of videotaped examinations, blinded to treat-
ment allocation). The mean of the 4 scores was taken
at each time point. The examination assessed cranial
nerve function, respiratory pattern, motor and sen-
sory function, level of consciousness, and behavior,
each assigned a total of 100 points. Points were
assigned based on specific abnormal neurologic
findings (Supplemental Table 1), such that a score of
0 was normal, and a score of 500 represented brain
death. The presence or absence of clinical seizures
was not part of the scoring system.

BRAIN MAGNETIC RESONANCE IMAGING. On day 3
post-injury, swine were anesthetized for brain mag-
netic resonance imaging (MRI) (3-T Skyra model
scanner, 64-channel head and neck coil, Siemens,
Corp., Munich, Germany). High-resolution T1, T2,
fluid-attenuated inversion recovery, and diffusion-
weighted images were obtained. Areas of enhance-
ment on axial and coronal T2 and apparent diffusion
coefficient images were manually assessed on
a voxel-per-voxel basis and outlined (itk-SNAP soft-
ware application, Penn Image Computing and Science
Laboratory, University of Pennsylvania, Philadelphia,
Pennsylvania, and Scientific Computing and Imaging
Institute, University of Utah, Salt Lake City, Utah) by
a radiology technician (Mr. Abdelhakim Ouaalam,
Department of Radiology, Boston Children’s Hospital,
Boston, Massachusetts), a radiologist (E.Y.), and a
clinical neurologist (J.N.), all of whom were blinded
to treatment allocation. From these values, total
volumes of cranial injuries per swine were calculated
using in-house software normalized to brain volume,
and the total volumes of injuries were compared be-
tween groups by using the Mann-Whitney U test.

NEUROHISTOPATHOLOGY. Following brain MRI of
the swine on post-injury day 3, both carotid arteries
and jugular veins were then cannulated by cutdown
and perfused with normal saline (2 l), followed by 4%
paraformaldehyde (4 l). The heads of swine were
fixed in 10% formaldehyde for 24 h and then removed
and paraffin embedded and then stained for hema-
toxylin and eosin. Hypoxic-ischemic injuries of the
frontal cortex, temporal cortex, hippocampus, den-
tate gyrus, caudate nucleus, and thalamus were
graded according to a previously defined scale by a
pathologist (H.G.W.L.) blinded to treatment alloca-
tion. Briefly, histologic injury was evaluated by using
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both light and fluorescence microscopy (28) on a scale
of 0 through 5 for each of 6 regions, as follows: 0 ¼
normal, no injury; 1 ¼ rare hypereosinophilic neu-
rons; 2 ¼ small clusters of hypereosinophilic neurons;
3 ¼ majority of neurons (>50%) are hyper-
eosinophilic; 4 ¼ significant damage to neurons; and
5 ¼ cavitated infarction with histologic necrosis. An-
imals that did not survive for 3 days (due to refractory
status epilepticus) were assigned the median histo-
logic score for animals in the control group.

STATISTICAL ANALYSIS. The primary outcome of
this study was neurologically intact survival, which
was defined as an SNDS of #120 at 3 days, compared
between groups using a log-rank test (Gehan-Bre-
slow-Wilcoxon test). On the basis of a previous series
of pilot experiments, 15% of animals in the control
group were expected to meet this endpoint, and the
study was powered to identify the fact that 70% or
more in the hydrogen treatment group met this
endpoint at 5 days with 80% power and an alpha level
of 0.05.

Between-group differences in SNDS, regional neu-
rohistologic scores, body temperatures, regional
oxyhemoglobin saturation index values, hemody-
namics, inotrope scores, serum lactic acid concen-
trations, blood gas concentrations, PaO2/FiO2 ratios,
chemistry values, and hematologic parameters were
assessed over time by using 2-way repeated measures
analysis of variance (ANOVA), using Prism version
7.00 software (for MacIntosh [Cupertino, California],
GraphPad, La Jolla, California). In order to complete
ANOVA, missing values for the 2 animals which were
sacrificed early were estimated to be the median
values across controls for that time point. When
results were statistically significant, time-dependent
differences between groups were assessed by using
Sidak’s multiple comparisons test. Interobserver
reliability for SNDS was assessed by Pearson coeffi-
cient between blinded versus unblinded observers for
time-matched pairs. Single time point values, such as
differences in cerebral infarct volumes or changes in
GFAP relative to baseline, were compared between
groups by Student’s t-test or Mann-Whitney U test, as
appropriate. For all tests, a p value of <0.05 was
considered statistically significant.

RESULTS

HYDROGEN HAZARDS. Hydrogen-oxygen and
hydrogen-air mixtures were administered via the
anesthesia machine and mechanical ventilator
without malfunction or incident. Electrocautery was
used with no subjective difference in performance
between controls and the hydrogen-treated animals.
Measurements of ambient hydrogen concentrations
were below the lower limit of detection (<1 ppm) at
all time points.

CLINICAL OUTCOMES. All animals were successfully
weaned from CPB. The degrees to which hypothermia
was achieved were similar between the groups (mean
rectal temperature: 27.4 � 1.8�C vs. 26.5 � 1.9�C in
controls and hydrogen-treated groups, respectively;
p ¼ 0.2387) (Supplemental Figure S2). Cerebral and
somatic near infrared spectroscopy values were also
similar between groups, frequently reaching a nadir
of <20 during the deep hypothermic circulatory arrest
period (Supplemental Figure S3). Two swine in the
control group exhibited refractory status epilepticus
and were sacrificed at 32 and 36 h post-injury
following a failed trial of extubation; no hydrogen-
treated animals exhibited seizures. Survival to
3 days was similar between groups (log rank test:
p ¼ 0.1435). Hydrogen-treated swine exhibited a
higher rate of neurologically intact survival, defined
as an SNDS of #120 at the time of death (log-rank test;
p ¼ 0.0035) (Figure 3A). SNDSs were significantly
improved in hydrogen-treated swine in the post-
operative period (p < 0.0001) (Figure 3B). Interob-
server reliability was excellent among in-person
scorers (i.e., unblinded research team members) and
videotaped reviewers (i.e., blinded neurologists)
(Pearson correlation coefficient: 0.895). The increase
in serum GFAP concentrations relative to those at
baseline was significantly higher in controls than in
H2-treated swine at 60 min post-injury (p ¼ 0.0068)
(Supplemental Figure S4).

Relative to controls, H2-treated swine exhibited a
significantly lower level of serum creatinine during
the survival period (p ¼ 0.0152), an average of 0.38
mg/dl lower by postoperative day 3. There were no
differences in serum markers of hepatic injury or
function (Supplemental Figure S5). There were no
significant differences in acute hemodynamics, and
inotrope scores were similar between the groups
(Supplemental Figure S6). In the postoperative
period, there were no differences in PaO2/FiO2 ratios
as a marker of lung function (p ¼ 0.92), nor were there
significant differences in blood gas values during the
postoperative period (Supplemental Figure S7).
Similarly, there were no significant differences in
hematologic endpoints between groups during the
survival period (Supplemental Figure S8).

NEURORADIOLOGY. Swine in both groups exhibited
a radiographic predominance of frontal and temporal
lobe injuries. However, H2-treated swine exhibited
significantly lower volumes of white matter injury on
T2 imaging than did controls (median: 134 mm3
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FIGURE 3 Clinical Neurologic Outcomes

(A) Hydrogen-treated swine exhibited significantly higher rates

of neurologically intact survival, which was defined as an

SNDS #120 at the time of death (log-rank test: p ¼ 0.0035).

The overall rates of survival were similar between groups

(log-rank test: p ¼ 0.1435). (B) Hydrogen-treated swine

exhibited significantly lower SNDS at 1, 2, and 3 days post

injury (2-way ANOVA: p < 0.0001). Data for day 1 represent

8 swine per group; data for days 2 and 3 represent 8 swine in

the hydrogen group and 6 in the control group (2 swine

allocated to the control group died from refractory seizures

and could not be successfully extubated). ***p < 0.001;

**p < 0.01 for daily differences according to Sidak’s multiple

comparisons post test. ANOVA ¼ analysis of variance;

DHCA ¼ deep hypothermic circulatory arrest; SNDS ¼ Swine

Neurodevelopment Score.
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[interquartile range [IQR]: 84 to 200 mm3] in
H2-treated swine vs. 383 mm3 [IQR: 77 to 639 mm3] in
controls; p ¼ 0.0460) (Figure 4).

NEUROPATHOLOGY. Regions of radiographically
apparent injury correlated well with histologically
apparent injury, with a predominance of injury in the
frontal cortex. As a group, H2-treated swine exhibited
significantly lower histologic injury scores than did
controls (p ¼ 0.0044) (Figure 5), with a predominance
of injury in the frontal cortex. There was no evidence
of thalamic injury in this model.

DISCUSSION

We have shown that the perioperative administration
of 2.40% H2 is safe and diminishes neurologic injury
in an experimental model of circulatory arrest.
Although the combination of temperature and dura-
tion of circulatory arrest used is not used clinically,
the model did successfully establish the degree of
neurologic injury manifested in the most severely
affected neonates, including perioperative seizures
and radiographically apparent injury. In that setting,
the perioperative administration of H2 improved
clinical neurologic scores, decreased serum markers
of brain injury, decreased radiographically apparent
volumes of brain injury, and lessened the degree of
histopathologic injury. In addition, H2-treated swine
exhibited a significantly lower concentration of
serum creatinine during the survival period, sug-
gesting that hydrogen may diminish the effects of
renal ischemia. Notably, there were minimal differ-
ences between groups in injury measures of cardiac
performance, such as venous oxyhemoglobin satura-
tion. This may be because, in essence, animals
underwent a 75-min period of cardioplegic aortic
cross-clamping, an ischemic insult that is known to
be well tolerated.

This work adds to a growing body of preclinical
studies supporting the therapeutic efficacy of inha-
lational H2 gas. As mentioned previously, inhalational
H2 gas has been shown to diminish the volume
of brain injury in rodent models of middle cerebral
artery occlusion (21) and asphyxial cardiac arrest (23).
H2 inhalation has also been shown to decrease
cellular injury and improve post-ischemic organ
function in several animal models. For example, the
administration of 1.3% H2 in dogs for 6 h following a
90-min occlusion of the left anterior descending ar-
tery resulted in a 50% reduction in infarct size (29). A
similarly protective effect has been shown following
experimental ischemia-reperfusion injury in liver
(30), lung (31), heart (32), and small intestine (33)
and in models of septic shock (34). Still other
studies have examined the intravenous administra-
tion of H2-saturated saline (35) and the oral adminis-
tration of H2 in tablet or water form (36), although the
serum concentration achieved by the oral route is
orders of magnitude lower than that in the inhala-
tional route (37).

Recently, a series of bold first-in-human studies of
inhalational H2 gas has been described. The first
study (38) was a case series describing the adminis-
tration of 2% H2 in 5 mechanically ventilated survi-
vors of witnessed out-of-hospital cardiac arrest,
which found that 4 of 5 patients exhibited favorable



FIGURE 4 Radiographic Differences Between Groups

Axial T2 images (A) were assessed for radiographically apparent injuries (B), which were outlined as moderate (green) or severe (red) on a

voxel-per-voxel basis. These areas of injury were corroborated by review of apparent diffusion coefficient mapping (C), which were similarly

outlined (D). (E) Areas of injury were rendered in 3 dimensions and overlaid onto an image of the brain to provide a visual image of the

differences in the volume of cranial injury. Data were based on brain MRI of 8 swine in the hydrogen-treated group and 6 in the control group

(2 swine allocated to the control group died from refractory seizures and could not survive to day 3). (F) H2-treated animals exhibited a

significantly lower volume of injury than did control animals (Student t-test: p ¼ 0.0463). The line represents median, boxes are interquartile

ranges, and error bars are minimum and maximum values.
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FIGURE 5 Histopathologic Differences Between Groups

Regions of radiographically apparent injury (A) (arrows) correlated well with histologically apparent injury (B), shown here by fluorescence

microscopy (original magnification: �1, using a Rhodamine filter). Neuronal injury was scored between 0 (normal) and 5 (severe neuronal

injury, necrosis) for each region through identification of hypereosinophilic and/or apoptotic neurons by using both light (C) and fluorescence

(D) microscopy (original magnification: �60; bars ¼ 50 mm). Open arrows ¼ hypereosinophilic and apoptotic neurons. (E) As a group,

hydrogen-treated swine exhibited significantly lower histologic injury scores than controls (2-way repeated measures ANOVA according to

Sidak’s test results: p ¼ 0.0044). Data are based on histopathology for 8 swine in the hydrogen-treated group and 6 in the control group

(2 swine allocated to the control group died from refractory seizures and did not survive to day 3). Data are means; error bars are SEM.
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neurologic function (cerebral performance category
1) at hospital discharge. There were no environmental
hazards reported. The second study (39) describes
the face mask administration of 1.3% H2 in 10 adults
(plus 10 controls) undergoing percutaneous coronary
reperfusion for ST-segment elevation myocardial
infarction, finding that H2 significantly improved
ejection fraction at 6-month follow-up examination
(39). A third study (40) described 25 patients
(plus 25 controls) who presented with acute mild-to-
moderately severe stroke, who underwent inhala-
tion of 3% H2 gas through face masks for 1 h twice per
day for 7 days, which resulted in significant im-
provements in U.S. National Institutes of Health
Stroke Scale scores and volumes of cerebral infarction
by diffusion-weighted MRI imaging (40).

The application of H2 administration in infants
undergoing CPB is attractive for several reasons.
First, it appears to be safe and easy to use. The dose
tested here (2.4%) is a nonflammable gas mixture,
even when mixed with balance (i.e., 97.6%) oxygen;
hydrogen concentrations above 4% are known to be
flammable. Following due diligence, we were able to
attach these source gases were directly to the anes-
thesia machine and mechanical ventilator, and did
not note any adverse effects on the delivery of anes-
thetic gas or on the function of either device. This
represents an improvement on prior delivery tech-
niques (which add a hydrogen-nitrogen mixture to
inspiratory gas following passage through the venti-
lator) (38) in several ways. The setup described in the
present study ensured delivery of a constant con-
centration of H2 regardless of the patient’s oxygen
requirements. Administration of H2 gas mixtures to
the ventilator inlet would likely be required to treat
infants due to their high bias flow and rapid respira-
tory rate, factors that would cause excessive dilution
of even the most concentrated hydrogen-nitrogen
mixture. Second, H2 appears to be well tolerated at
the doses tested. Consistent with prior reports
(40,41), we did not find that the administration of H2

had a measurable effect on hemodynamics or lung
function. In the future, it will be important to study
the effects of more extended durations of exposure
(e.g., 72 h continuously) on these endpoints. Third,
the application of H2 may be practically added to
current therapies, including hypothermia. For these
reasons, a clinical trial of perioperative H2 adminis-
tration in neonates at high risk for neurologic injury
may be warranted.

STUDY LIMITATIONS. 1) Although the newborn
piglet has become an accepted model for the term
neonate, we note that the maturity of myelination
in these animals was approximately that of an 12-18
month old infant. 2) The protective effects of inha-
lational anesthetics and of intravenous sedatives
(e.g. propofol) are well appreciated and may have
affected the degree of neuronal injury, although the
dosing was protocolized and equally applied to both
groups. 3) Because we did not perform electroen-
cephalography, we are unable to comment on
hydrogen’s effect on subclinical seizure activity.
4) Although previously well-characterized, we did
not quantify the arterial concentrations of hydrogen
gas during administration. Based on prior work,
we expect that the arterial concentration of 2.4%
H2 (which was a certified gas mixture and therefore
the concentration was independently verified) in
mechanically ventilated swine would reach a
plateau between 5-10 mM/l within 20 min of inhala-
tion (41). The number of animals included in each
group was small, such that less common adverse
effects of hydrogen administration may not have
been detected. A properly powered safety study is
warranted.

CONCLUSIONS

In a small series of neonatal swine, the perioperative
administration of inhalational H2 gas diminishes
neurologic injury following experimental circulatory
arrest.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The use

of inhaled hydrogen gas to diminish ischemic injury has

been applied successfully in several rodent models and

was recently described in humans following stroke, acute

myocardial infarction, and cardiac arrest. A demonstration

of safety in healthy volunteers is warranted, followed by

a prospective study of hydrogen inhalation during

congenital heart surgery and other clinical scenarios.

TRANSLATIONAL OUTLOOK: The favorable side ef-

fect profile and ease of administration make hydrogen a

potentially appealing ancillary therapy.
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� PKA-phosphorylation of Hsp20 is

elevated in human failing hearts.

� Increases in phosphorylated Hsp20 in vivo

are associated with fibrotic remodeling

and reduced left ventricular function.

� The phosphorylated Hsp20 in

cardiomyocyte promotes upregulation of

IL-6 and its subsequent paracrine actions

on the cardiac fibroblast.

� Blockade of IL-6 effects ex vivo and in

vivo reduces the pro-fibrotic effects of

phosphorylated Hsp20.

� Targeting phosphorylated Hsp20 in the

cardiomyocyte may represent a potential

therapeutic strategy to mitigate fibrotic

remodeling and preserve function in the

failing heart.
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SUMMARY
AB B
AND ACRONYM S

Ccl2 = C-C motif chemokine

ligand 2

Ccl3 = C-C motif chemokine

ligand 3

Col1a1 = collagen 1A1

Col3A1 = collagen 3A1

ECM = extra-cellular matrix

Hsp = heat shock protein

I/R = ischemia/reperfusion

IL = interleukin

Postn = periostin
Cardiomyocyte-specific increases in phosphorylated Hsp20 (S16D-Hsp20) to levels similar to those observed in

human failing hearts are associated with early fibrotic remodeling and depressed left ventricular function,

symptoms which progress to heart failure and early death. The underlying mechanisms appear to involve

translocation of phosphorylated Hsp20 to the nucleus and upregulation of interleukin (IL)-6, which subse-

quently activates cardiac fibroblasts in a paracrine fashion through transcription factor STAT3 signaling.

Accordingly, treatment of S16D-Hsp20 mice with a rat anti-mouse IL-6 receptor monoclonal antibody (MR16-1)

attenuated interstitial fibrosis and preserved cardiac function. These findings suggest that phosphorylated

Hsp20 may be a potential therapeutic target in heart failure. (J Am Coll Cardiol Basic Trans Science

2019;4:188–99) © 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
= smooth muscle actin
SMA
STAT3 = signal transducer and

activator of transcription 3

TG = transgenic

TGF = transforming growth

factor

TNF = tumor necrosis factor

TUNEL = terminal

deoxynucleotidyl transferase

dUTP nick end labeling

WT = wild type
H eart failure is a world-wide health problem
affecting approximately 26 million people
(1). Although significant advances have

been made in the management of disease symptoms,
morbidity and mortality rates remain high throughout
the world (1). Studies aiming to understand the mech-
anisms, the underlying causes, and the progression of
heart failure have implicated several signaling path-
ways. Specifically, the b-adrenergic axis, including
its downstream regulatory phosphorylation sub-
strates, has been shown to play a major role in cardiac
remodeling (2). However, it is puzzling that some cy-
clic adenosine monophosphate-dependent phospho-
proteins are downregulated, whereas others are
increased in failing hearts (3). These altered responses
may reflect the fine balance between protein kinase
and phosphatase activities in subcellular compart-
ments during heart failure progression (4). Among
the cardiac phosphoproteins in the b-adrenergic trans-
duction pathway is the small heat shock protein 20
(Hsp20 or HspB6), which has recently drawn particular
attention.
SEE PAGE 200
Hsp20 belongs to the subfamily Hsps, which con-
sists of 10 members whose molecular masses range
from 12 to 43 kDa (5). It is a highly conserved protein
and can be detected in all tissues but is most abun-
dant in cardiac, skeletal, and smooth muscles (6). The
levels of Hsp20 are mostly upregulated in human
failing hearts (7) and in animal models upon oxidative
stress, ischemia-reperfusion (I/R) injury, exercise
training, and chronic b-adrenergic stimulation (8).
These findings suggest that Hsp20 may play a critical
role in cellular stress resistance as an adaptive
response after exposure to stress stimuli. Indeed,
adenoviral studies and studies in transgenic (TG)
mice with cardiac-specific increases in Hsp20 have
demonstrated a protective role for this pro-
tein against b-agonist-induced apoptosis
(9,10), chronic doxorubicin-induced oxida-
tive stress (11), and I/R injury (12).

Hsp20 was initially discovered as a phos-
phoprotein induced upon prolonged b-adren-
ergic stimulation of cardiomyocytes (13).
Proteomic analysis revealed that phosphory-
lation occurs at Ser16 by protein kinase A,

a phenomenon unique to Hsp20 among the small Hsp
family (13). Subsequent investigations have shown
that phosphorylation at Ser16 was elevated in human
failing hearts as well as in murine hearts after I/R
injury (7,12), suggesting that Hsp20 may function as
an innate protector. Indeed, studies from the present
authors’ laboratory have indicated that over-
expression of a constitutively phosphorylated form of
Hsp20 (S16D) in cultured cardiomyocytes conferred
protection against isoproterenol-induced cellular
apoptosis, whereas overexpression of constitutively
dephosphorylated Hsp20 (S16A) offered no anti-
apoptotic benefits (9). Moreover, TG mice with
cardiac-specific overexpression of the dephosphory-
lated S16A-Hsp20 exhibited diminished functional
recovery and greater infarct size following I/R injury,
both of which were associated with increased car-
diomyocyte necrosis and apoptosis (7). These find-
ings implicated phosphorylation of Hsp20 as a
potential cardioprotector.

The critical role of Hsp20 in the heart and the
potential benefits of its phosphorylation prompted
examination of the functional significance and long-
term effects of Hsp20 phosphorylation at Ser16
in vivo. To this end, the present authors generated a
model with cardiac-specific overexpression of a
constitutively phosphorylated Hsp20 form (S16D-
Hsp20) and chose a mouse line with levels similar to
those observed in human failing hearts for

http://creativecommons.org/licenses/by-nc-nd/4.0/
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characterization (7). Surprisingly, and in contrast to
previous findings, S16D-Hsp20 mice exhibited early
fibrotic remodeling and dysfunction, which pro-
gressed to the development of heart failure. Ex vivo
studies have revealed that these effects were linked
to the pro-fibrotic role of phosphorylated Hsp20,
which induced synthesis of interleukin (IL)-6 in car-
diomyocytes and its subsequent paracrine activation
of cardiac fibroblasts through transcription factor
STAT3 signaling. Accordingly, treatment of S16D mice
using a rat anti-mouse IL-6 receptor monoclonal
antibody (MR16-1) attenuated interstitial fibrosis and
preserved left ventricular (LV) function. Taken
together, these results reveal a novel functional role
for Hsp20 in the heart and indicate that increases in
Hsp20 phosphorylation appear to be maladaptive and
may exacerbate the progression to heart failure.
METHODS

Additional detailed methods are available in the
Supplemental Appendix.

EXPERIMENTAL MODELS. All animal procedures
were performed according to guidelines set forth by
the U.S. National Institutes of Health and those of the
Institutional Animal Care and Use Committee at the
University of Cincinnati. TG mice with cardiac-
specific overexpression of constitutively phosphory-
lated Hsp20 (S16D-Hsp20) were generated as
previously described (7) and carried the mouse car-
diac S16D-Hsp20 cDNA under the control of the
a-myosin heavy chain promoter. Male TG and wild-
type (WT) age-matched control mice were used for
all studies. For endpoint studies, mouse hearts were
excised following anesthesia (200 mg/kg intraperito-
neally [IP], Euthasol, Virbac AH, Inc., Fort Worth,
Texas) and used for further analysis.

CARDIOMYOCYTE AND CARDIAC FIBROBLAST CROSS-

TALK EXPERIMENTAL DESIGN. Cardiomyocyte and
cardiac fibroblast isolation procedures were per-
formed as described in the Supplemental Methods.
Following cardiomyocyte isolation, the car-
diomyocyte pellet was resuspended in a solution of
plating medium (Dulbecco’s modified Eagle medium
[DMEM]), 10% fetal bovine serum [FBS], and 1%
penicillin-streptomycin [Pen/Strep, ThermoFisher
Scientific, Waltham, Massachusetts] plus 0.2% 2,3-
butanedione monoxime), which was plated on
laminin-coated dishes and incubated for 1 h at 37oC.
The medium was replaced with infection medium
(plating medium with no FBS), and cardiomyocytes
were infected with adenovirus-infected green fluo-
rescent protein (Ad.GFP), and with Ad.S16D or
adenovirus-infected constitutively dephosphory-
lated Hsp20A (Ad.S16A) at a multiplicity of infection
of 100. After 2 h of infection, the cells were trans-
ferred to culture medium consisting of a solution of
DMEM plus 5 mg/l insulin-transferrin-selenium
(Sigma-Aldrich, St. Louis, Missouri), 100 U/ml
penicillin/streptomycin, 2 mM of L-glutamine, 4 mM
NaHCO3, 10 mM Hepes, 0.2% bovine serum albu-
min, and 25 mM blebbistatin (Cayman Chemical, Ann
Arbor, Michigan) for 48 h. Medium was replaced
after 24 h, after which the cardiomyocytes were
collected for protein and RNA isolation. The condi-
tioned medium was obtained and centrifuged at
5,000 g for 10 min to remove cell debris and stored
at �80�C.

The ventricular fibroblasts were plated in growth
medium and allowed to grow for 4 to 5 days until
confluent. After fibroblasts were passaged in dishes
appropriately sized for subsequent experiments, they
were cultured in growth medium containing the
cardiomyocyte-conditioned medium at a dilution of
1:1. Fibroblast proliferation was determined by using
the MTT cell growth assay (catalog number CT02,
MilliporeSigma, Burlington, Massachusetts) as previ-
ously described (14). Gene expression of pro-fibrotic
markers was assessed using quantitative polymerase
chain reaction (qPCR), and alpha-smooth muscle
actin (SMA) stress fiber formation was evaluated us-
ing immunofluorescence. IL-6 inhibition was ach-
ieved through addition of an IL-6-neutralizing
antibody (catalog number MAB406, R & D Systems,
Minneapolis, Minnesota) to the conditioned medium
upon application to the fibroblasts at a concentration
of 0.60 mg/ml, based on a previously established
protocol (15).

MR16-1 TREATMENT. Four-week old male S16D and
WT control mice were injected with the rat anti-mouse
IL-6 receptor monoclonal antibody MR16-1 (Gen-
entech, San Francisco, California), as described later,
using previously established protocols with minor
modifications (16,17). Echocardiography was per-
formed before the first injection and subsequently at 2
and 4 weeks afterward. Immediately after baseline
echocardiography was performed, mice were given 2
mg/body MR16-1 or phosphate-buffered saline (PBS)
as control by IP injection. During the first, second,
and third weeks after the initial injection, mice
received 0.5 mg/week MR16-1 or PBS (0.25 mg/body �
2 injections/week). At 8 weeks of age, following the
final echocardiographic assessment, mice were sacri-
ficed, and hearts were removed for examination
of fibrosis using PicroSirius Red staining (Abcam,
Cambridge, Massachusetts). Cardiac fibroblasts and
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FIGURE 1 S16D-Hsp20 Transgenic Mice Exhibit Reduced Survival, Left Ventricular Remodeling, and Dysfunction
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(A) Kaplan-Meier survival curve of S16D and WT control mice. Longitudinal echocardiographic assessment of S16D and WT mice at 2, 4, and 6

months of age: (B) LVEDV; (C) LVESV; and (D) EF. Gravimetric analysis of S16D and WT control mice at 2, 4, and 6 months of age. Ratios of (E)

heart weight/body weight and (F) lung weight/body weight in S16D and WT control mice. Values are mean � SEM. *p < 0.05; **p < 0.01;

***p < 0.001 versus WT. The number of samples (n) per group is indicated on the bar graphs. EF ¼ ejection fraction; LVEDV ¼ left ventricular

end diastolic volume; LVESV ¼ left ventricular end systolic volume; S16D ¼ phosphorylated Hsp20; WT ¼ wild type.
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cardiomyocytes were isolated from a second cohort of
treated and nontreated WT and S16D mice, as
described in the Supplemental Methods. STAT3
signaling was assessed in the isolated fibroblasts by
Western blotting, and expression of remodeling markers
(ANP, BNP, and b-MHC) were measured using qPCR.
STATISTICS. Data were expressed as mean � SEM.
Comparisons between the means of 2 groups were
evaluated using an unpaired Student t-test at each
time point (Figures 1B to 1F and 2D) or the Mann-
Whitney U test for data sets shown in Figure 2B, due
to the small sample size (n ¼ 3). Comparisons of more
than 2 groups were performed using 1-way analysis of
variance (ANOVA) followed by the Tukey multiple
comparison test (Figures 3B to 3E and 5F). Alterna-
tively, the Kruskal-Wallis test followed by Dunn’s
multiple comparison test was used for data shown in
Figure 5H, due to the small sample size (n ¼ 3). Groups
which originated from the same heart were compared
using a paired Student t-test (Figure 4B) or 1-way
repeated measures ANOVA, followed by Tukey’s
multiple comparison test (Figure 3A). Data in
Figure 3G were analyzed by using the Friedman test
followed by Dunn’s multiple comparison test,
because of the small sample size (n ¼ 3). Comparisons
among the expression levels of 4 genes in the
adenovirus-infected cardiomyocytes (Figure 4A) were
performed by 2-way repeated measures ANOVA, fol-
lowed by Bonferroni correction. Comparisons among
groups in the MR16-1 treatment study (Figure 5D)
were performed using 2-way repeated measures
ANOVA, followed by the Neuman-Keuls multiple

https://doi.org/10.1016/j.jacbts.2018.11.007


FIGURE 2 Extensive Interstitial Fibrosis Evident in S16D-Hsp20 Hearts
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(A) Representative confocal images (original magnification: �20) for TUNEL staining (green) counterstained with actin (red) and DAPI to

visualize nuclei (blue). Arrows indicate TUNEL-positive cells; scale bar: 50 mm. (B) Quantitative analysis of TUNEL-positive nuclei (expressed

as a percentage of total nuclei) in S16D and WT ventricular sections at 2, 4, and 6 months of age. (C) Representative images (original

magnification: �20) of ventricular sections stained with Picrosirius red; scale bar: 50 mm. (D) Quantitative analysis of ventricular fibrosis

(expressed as a percentage of total area) in S16D and WT hearts at 2, 4, and 6 months of age. The number of samples (n) per group is

indicated on the bar graphs. DAPI ¼ 40,6-diamidino-2-phenylindole; TUNEL ¼ terminal deoxynucleotidyl transferase dUTP nick end labeling;

other abbreviations as in Figure 1.
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comparison test. Analysis of survival was performed
using the Kaplan-Meier method (using 29 WT control
and 37 S16D mice). The following statistical thresh-
olds were applied: p < 0.05, p < 0.01, and p < 0.001.
Comparisons were made among the experimental
groups and WT or GFP or among the indicated
groups. Statistical analyses were performed using
Prism version 8 software (GraphPad, San Diego,
California).

RESULTS

S16D-Hsp20 TRANSGENIC MICE EXHIBITED CARDIAC

REMODELING, DYSFUNCTION, AND EARLY MORTALITY.

Hsp20 is upregulated and hyperphosphorylated in
human heart failure and experimental I/R injury
(7,12). To determine the functional significance of
increases in Hsp20 phosphorylation, TG mice with
cardiac-specific overexpression of a constitutively
phosphorylated mutation (S16D-Hsp20) were gener-
ated (Supplemental Figure S1A). A TG mouse line was
chosen that expressed increases in S16D-Hsp20 levels
similar to those observed in human failing hearts (7)
(Supplemental Figures S1B and S1C) for further char-
acterization studies. Interestingly, S16D mice exhibi-
ted significantly reduced survival, with a mortality
rate of approximately 50% by 7 months and 100% by
10 months of age (Figure 1A). There were no parallel
deaths in either WT (Figure 1A) or TG mice with
similar levels of WT-Hsp20 overexpression (12).
Longitudinal assessment of LV geometry using
echocardiography indicated significant chamber
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FIGURE 3 S16D-Hsp20 Cardiomyocyte-Conditioned Medium Activates Myofibroblast Differentiation
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aSMA fluorescence intensity. The number of samples (n) per group is indicated on the bar graphs. SMA ¼ smooth muscle actin; Ad.GFP ¼ adenovirus-infected green
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dilation (i.e., LV end-diastolic volume and LV end-
systolic volume) in S16D mice, which became
evident as early as 2 months of age (Figures 1B and 1C).
These geometrical alterations were accompanied by a
decrease in ejection fraction (EF) by 3 months of age
(Figure 1D). The EF continued to deteriorate over time
to <50% of normal by 6 months, concomitant with
50% mortality (Figure 1D). In contrast, TG mice over-
expressing nonphosphorylated Hsp20 (S16A) at levels
similar to those of S16D-Hsp20 mice did not exhibit
any alterations in LV function and geometry up to 6
months of age (Supplemental Figure S2A to S2C).
Further morphological, histological, and cellular
studies were concentrated at the following 3 time
points: at 2 months of age, at which point no change
in LV function and slight chamber dilation occurred;
at 4 months of age, when a significant decline in LV
function and chamber dilation were exhibited but
minimal deaths; and at 6 months, when severe
dysfunction, extensive chamber dilation, and close to
50% mortality occurred (Figure 1A). Gravimetric
analysis revealed a 13% increase in heart weight/body
weight ratio as early as 2 months, which further
increased at 4 and 6 months in S16D mice compared
to those in WT mice (Figure 1E). Accordingly, car-
diomyocyte hypertrophy, determined by wheat germ
agglutinin staining, was increased at 2 months and
was further augmented at 4 and 6 months

https://doi.org/10.1016/j.jacbts.2018.11.007


FIGURE 4 Acute Overexpression of S16D-Hsp20 in Cardiomyocytes Promotes Upregulation of the IL-6 Gene Expression and Secretion
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(Supplemental Figures S3A and S3B). Analysis of gene
expression of remodeling markers indicated that only
the atrial natriuretic peptide (ANP) level was signifi-
cantly elevated at 2 months of age. However, by 6
months of age, ANP, brain natriuretic peptide (BNP),
and b-myosin heavy chain (MHC) levels were all
significantly increased in S16D hearts (Supplemental
Figure S3). Assessment of lung congestion indicated
significant increases only at 6 months of age in S16D
mice (Figure 1F). These results suggested that cardiac
overexpression of S16D promoted early LV dilation,
culminating in cardiac dysfunction and development
of heart failure, resulting in early death.

EARLY INTERSTITIAL FIBROSIS. Evidence indicates
that the advancement of cardiac remodeling is asso-
ciated with myocyte apoptosis and interstitial fibrosis
(18). Thus, cardiomyocyte loss in S16D hearts was
assessed by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay. There were
significant levels of apoptosis at 4 and 6 months
compared to WT control mice, whereas there was no
evidence of TUNEL-positive nuclei at 2 months
(Figures 2A and 2B). The absence of cardiomyocyte
death at 2 months was further confirmed by lack of
alterations in serum levels of cardiac troponin I
(Supplemental Figure S4A) as well as caspase-3 ac-
tivity (Supplemental Figure S4B) and the apoptotic
markers Bak, Bcl-2, and Bax (Supplemental
Figures S4C and S4D). Surprisingly, although there
was no evidence of cell death at 2 months, significant
interstitial fibrosis was observed by PicroSirius Red
(Abcam) staining (Figures 2C and 2D). Collagen depo-
sition was further determined through assessment of
hydroxyproline content in S16D hearts. This assess-
ment demonstrated a significant increase at 2
months, which was further increased at 6 months of
age (Supplemental Figure S5A). These increases were
accompanied by significant upregulation of the pro-
fibrotic markers collagen 1A1 (Col1a1) and trans-
forming growth factor (TGF)-b1 and by a trend toward
increased expression of periostin (Postn)
(Supplemental Figures S5B to S5D). Collectively, the
data suggest that S16D-Hsp20 promotes early
interstitial fibrosis in the absence of cardiomyocyte
death in the heart.

CROSSTALK BETWEEN S16D CARDIOMYOCYTES

AND FIBROBLASTS. Cardiac fibroblasts are respon-
sible for extracellular matrix homeostasis, providing
structural support for cardiomyocytes (18,19). Upon
pathological stimulation, fibroblasts transition to
the myofibroblast phenotype, which can promote
excessive collagen secretion, leading to pathological
remodeling (19). Recent studies have identified-
dynamic crosstalk between cardiomyocytes and
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fibroblasts, which occurs through secreted factors
(20–22). Thus, these authors sought to determine
whether S16D overexpression in the cardiomyocytes
promote myofibroblast transition through a para-
crine mechanism. To this end, isolated ventricular
cardiomyocytes and fibroblasts from adult mouse
hearts were used and with the cardiomyocytes
were Ad.GFP and Ad.S16D or the constitutively
dephosphorylated Hsp20, Ad.S16A, as an additional
control. The Hsp20 overexpression levels in
S16D and S16A cardiomyocytes were similar
(Supplemental Figures S6A and S6B). Then, the
conditioned medium from the infected car-
diomyocytes was used to culture fibroblasts, and
their potential activation was assessed using key
markers (19). Fibroblasts in the S16D medium
exhibited significantly enhanced proliferation
(Figure 3A) and significant upregulation of Col1a1,
(TGF)-b1, and IL-6, as well as a trend toward upre-
gulation of collagen 3A1 (Col13a1) (Figures 3B to 3E).
Further analysis using immunofluorescence revealed
the presence of prominent aSMA-positive stress fi-
bers in S16D fibroblasts (Figures 3F and 3G), a reliable
indicator of myofibroblast activation in culture.
Importantly, the effects observed on fibroblast dif-
ferentiation were specific to S16D as there were no
alterations elicited by the S16A medium (Figures 3A
to 3G). To exclude cardiomyocyte death as a
contributing factor to fibroblast activation (22), the
levels of lactate dehydrogenase were determined in
the conditioned medium. There were no differences
in the levels of lactate dehydrogenase released
among the 3 groups (Supplemental Figure S6C).
These findings demonstrate that overexpression of
S16D in the cardiomyocytes may promote the
secretion of a factor(s) which stimulates differenti-
ation of fibroblasts to myofibroblasts.

IL-6 IS UPREGULATED IN S16D CARDIOMYOCYTES.

The findings described above coupled with previous
evidence indicating that secretion of cytokines from
the cardiomyocyte (23) can activate myofibroblast
differentiation (24) prompted an examination of the
expression levels of C-C motif chemokine ligand 2
(Ccl2), C-C motif chemokine ligand 3 (Ccl3), IL-6,
tumor necrosis factor (TNF)-a, TGFb1, and IL-1b in
Ad.S16D cardiomyocytes. Interestingly, only IL-6
expression was upregulated (Figure 4A), and this
upregulation was associated with its increased
secretion into the medium from the cardiomyocytes
(Figure 4B). Taken together, these data indicate that
increases in S16D in cardiomyocytes promote IL-6
transcriptional upregulation and its subsequent
secretion to the extracellular space.
BLOCKING IL-6 REDUCES PRO-FIBROTIC EFFECTS

OF S16D. To determine the role of IL-6 in the pro-
fibrotic effects elicited by the S16D cardiomyocytes,
an IL-6-neutralizing antibody, M16-1, was included in
the conditioned medium that was applied to fibro-
blasts. There was a reduction in the expression levels
of collagens and cytokines in the fibroblasts treated
with the IL-6 antibody, although statistical signifi-
cance was not reached (Supplemental Figures S6D
and S7A). Furthermore, aSMA stress fiber formation
was abrogated in the presence of the IL-6 antibody
(Supplemental Figures S7E and S7F). To further
confirm the role of IL-6 in the transition of fibroblasts
to myofibroblasts, the question of whether STAT3
localized to the nucleus was examined, as its phos-
phorylation and nuclear translocation occurred upon
stimulation of the IL-6 receptor (IL-6R) (25). Indeed,
nuclear accumulation of phosphorylated STAT3 (P-
STAT3) was significantly greater in fibroblasts treated
with the S16D medium (Supplemental Figure S7G).
Accordingly, inclusion of the IL-6 antibody abrogated
this effect (Supplemental Figure S7G). These results
suggested that S16D overexpression in the car-
diomyocyte promotes myofibroblast differentiation
through a paracrine mechanism by activation of the
IL-6/STAT3 signaling pathway in the fibroblast.

TREATMENT OF S16D MICE WITH MR16-1 ATTENUATED

FIBROSIS AND IMPROVED CARDIAC FUNCTION. Our
ex vivo findings led to an investigation of whether IL-6
was contributing to the excessive collagen deposition
and cardiac remodeling in the S16D mice, which was
observed as early as 2 months of age. Indeed, both
cardiac and serum IL-6 levels were higher in S16Dmice
than in WT mice (Figures 5A and 5B). Because IL-6 has
been implicated in fibrotic ventricular remodeling
(26), the authors hypothesized that treatment of S16D
mice with an IL-6 receptor antagonist (MR16-1) would
reduce ventricular fibrosis and preserve function.
Therefore, S16D andWTmice were treated with MR16-
1 or PBS for 4 weeks, starting at 1 month of age, when
no ventricular dysfunction or remodeling was evident
(Figure 5C). Treatment with MR16-1 prevented deteri-
oration of function (EF) in S16D mice (Figure 5D),
although it had no effects on ventricular chamber
dilation, cardiomyocyte hypertrophy, or remodeling
markers (Supplemental Figures S8A to S8F), indi-
cating that a separate mechanism might have been
contributing to remodeling in S16D hearts. Impor-
tantly, MR16-1 completely prevented ventricular
fibrosis in S16D hearts (Figures 5E and 5F). To confirm
the fact that IL-6 signaling was inhibited by MR16-1 in
S16D hearts, cardiac fibroblasts were isolated, and P-
STAT3/total STAT3 levels were assessed through
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FIGURE 5 MR16-1 Treatment Attenuates Fibrosis and Improves Cardiac Function
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Western blotting. Indeed, fibroblasts isolated from
S16D-PBS-treated hearts showed an increase in P-
STAT3 levels, which was abrogated by treatment
with the MR16-1 antibody. These results suggested
that upregulation of IL-6 contributes to the acceler-
ation of cardiac fibrosis and dysfunction in S16D TG
mice.

DISCUSSION

The current study reveals a novel pro-fibrotic role of
phosphorylated Hsp20 (S16D-Hsp20) through regula-
tion of myocyte-synthesized IL-6 and subsequent
paracrine activation of myofibroblast differentiation.
These insights were acquired through characteriza-
tion of a TG mouse model with cardiac-specific
overexpression of constitutively phosphorylated
Hsp20 (S16D-Hsp20), which demonstrated fibrotic
ventricular remodeling at an early age.

Cardiac fibroblasts are essential for maintaining
normal cardiac function, as they provide a structural
network for cardiomyocytes, distribute mechanical
forces through the cardiac tissue, and mediate elec-
tric conduction (19). In response to pathological
stimuli, these cells undergo a transition to a myofi-
broblast phenotype, which can secrete elevated levels
of extracellular matrix (ECM) proteins aimed at
maintaining the structural integrity of the heart (19).
However, a sustained fibrotic response can lead to
reduced ventricular compliance, cardiac dysfunction,
and ultimately heart failure (19). There are 2 distinct
types of cardiac fibrosis: 1) reactive interstitial
fibrosis, which is an expansion of the ECM in the
absence of cardiomyocyte loss; and 2) replacement
fibrosis, which results in extensive cardiomyocyte
death (27). In the present study, S16D was associated
with extensive cardiac interstitial fibrosis as early as 2
months of age, without evidence of cardiomyocyte
apoptosis. Thus, it appears that cell death was not the
initial driving force behind the early interstitial
FIGURE 5 Continued
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fibrosis, consistent with previous in vitro findings
indicating that S16D renders cardiomyocyte protec-
tion from apoptosis (9).

The fine communication between cardiac myocytes
and fibroblasts plays a key role in cardiac remodeling
mediated by paracrine factors (21). These factors
include numerous cytokines such as TGF-b1, IL-6,
IL-1b, and TNF-a, which have been implicated in
fibroblast proliferation and myofibroblast activation
(21,22,26). Findings of the present study indicate that
the S16D overexpression in cardiomyocytes also
activated myofibroblast differentiation in a paracrine
fashion. This was shown by enhanced proliferation
and upregulation in expression of collagens, cyto-
kines, and aSMA stress fibers. The pro-fibrotic effects
were specific to S16D, as medium from Ad.S16A
(constitutively dephosphorylated) cardiomyocytes
had no effects. Further assessment of the S16D-
infected cardiomyocytes indicated the transcrip-
tional upregulation of IL-6. These effects were
specific to IL-6, as there were no alterations in gene
expression of other cytokines. Accordingly, secretion
of IL-6 from the cardiomyocytes contributed to acti-
vation of fibroblasts to myofibroblasts, as shown by a
reduction of the pro-fibrotic effects when using the
IL-6 neutralizing antibody.

IL-6 is a pleiotropic cytokine whose expression
in the heart has received particular interest, as its
circulatory and intracardiac levels are elevated in
congestive heart failure and are powerful predictors
of LV remodeling (28,29). IL-6 signaling occurs
through the transcription factor STAT3, which, upon
phosphorylation at tyrosine 705, translocates to
the nucleus and activates a broad array of target
genes (25). In the cardiac fibroblast, STAT3 activation
has been demonstrated to promote fibroblast prolif-
eration in addition to synthesis of ECM proteins (25).
Results of the present study show that S16D
overexpression in cardiomyocytes promotes IL-6
secretion, which subsequently activates nuclear
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Car-

diac fibrosis, characterized by excessive deposition of

extracellular matrix proteins, is a key component in

ventricular remodeling and the pathophysiology of

heart failure. Crosstalk between cardiomyocytes and

cardiac fibroblasts through paracrine factors has

emerged as a factor in this remodeling process.

However, there is a need to gain further insights into

this apparent cardiac myocyte/fibroblast communica-

tion to prevent heart failure progression. Findings

from the present study demonstrate that phosphor-

ylated Hsp20 may act as a regulator in paracrine-

induced fibrotic remodeling.

TRANSLATIONAL OUTLOOK: Hsp20 phosphory-

lation is chronically elevated in human and experi-

mental heart failure. Explorations in the relevance of

these increases in a murine model indicates that they

associate with fibrotic ventricular remodeling and

contractile dysfunction. Therefore, Hsp20 may serve

as a novel therapeutic target in heart failure.
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translocation of phosphorylated STAT3 (P-STAT3) in
fibroblasts and increased expression of collagen and
cytokines. Importantly, addition of the IL-6 neutral-
izing antibody reduced the P-STAT3 and attenuated
the pro-fibrotic effects of S16D. Thus, IL-6/STAT3
signaling appears to mediate the paracrine effects of
the S16D cardiomyocyte.

The ex vivo findings described previously led to
the hypothesis that IL-6 may contribute to cardiac
remodeling and dysfunction observed in the S16D
mouse model. Indeed, cardiac gene expression as
well as serum levels of IL-6 were elevated in S16D
hearts as early as 2 months of age. To confirm the
contribution of IL-6 in cardiac remodeling and
dysfunction, S16D mice were treated with the selec-
tive IL-6 receptor antagonist monoclonal antibody
MR16-1. Isolated cardiac fibroblasts revealed that
STAT3 signaling was elevated in the nontreated S16D
hearts, although this effect was abolished by treat-
ment with the MR16-1 antibody. Accordingly, MR16-1
prevented the development of interstitial fibrosis and
preserved EF. However, MR16-1 treatment had no
effects on the observed alterations of LV chamber
dilation, cardiomyocyte hypertrophy, or remodeling
markers, as these parameters were similar to those in
nontreated S16D mice. Taken together, IL-6/STAT3
signaling appears to contribute to fibroblast activa-
tion and the resultant development of interstitial
fibrosis in S16D hearts. Nonetheless, the lack of pro-
tection against remodeling in the MR16-1-treated
S16D hearts indicates that these pathological alter-
ations are driven by additional factors other than the
IL-6/STAT3 pathway.

These results suggest that chronic phosphorylation
of Hsp20 is associated with ventricular remodeling
and dysfunction, partially mediated through the pro-
fibrotic action of cardiomyocyte-synthesized IL-6.
Thus, targeting the levels of S16D-Hsp20 in human
heart failure may represent an effective strategy for
limiting fibrotic remodeling.

STUDY LIMITATIONS. Although the current findings
highlight the significance of chronic Hsp20 phos-
phorylation in cardiac fibrosis, use of the TG mouse
model in this study may be criticized as limiting.
Generation of a gene-targeted knock-in mouse model
would have been a more elegant model for examining
the significance of Hsp20 phosphorylation in vivo.
However, transgenesis was chosen because the aim
was to overexpress S16D-Hsp20 at levels similar to
those observed in human heart failure. The authors
recognize that additional mechanisms might have
contributed to cardiac remodeling in the S16D hearts.
For the purpose of this study, the authors focused
specifically on the regulation of IL-6 in the car-
diomyocyte and its subsequent paracrine effects on
the cardiac fibroblast.

CONCLUSIONS

Ex vivo and in vivo studies have revealed a novel role
for phosphorylated Hsp20 in the heart involving
upregulation of IL-6 in the cardiomyocyte and the
associated paracrine activation of cardiac fibroblasts.
Thus, hyperphosphorylation of Hsp20 in human
failing hearts coupled with findings from the current
study suggest that it may play a role in pathological
remodeling and, thus, may provide a new therapeutic
opportunity.
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EDITORIAL COMMENT
Putting the Heat on Cardiac Fibrosis
Hsp20 Regulates Myocyte-To-Fibroblast Crosstalk*
Jennifer L. Major, PHD, Timothy A. McKinsey, PHD
SEE PAGE 188
F ibrosis is a wound-healing process that is trig-
gered by tissue injury or stress. Cardiac fibrosis
is associated with adverse outcomes in several

forms of heart failure (HF), including HF with
reduced ejection fraction, HF with preserved ejection
fraction, and genetically driven cardiomyopathies
(1,2). Although the increased extracellular matrix
(ECM) deposition that accompanies fibrotic responses
may acutely serve to stabilize a focal area of myocar-
dial damage, excessive, diffuse, or chronic activation
of fibrosis can be deleterious to long-term cardiac
function and patient survival. For example, fibrosis
can increase the passive stiffness of the myocardium,
which contributes to diastolic dysfunction (3,4), and
can disrupt electrical conduction in the heart, which
causes arrhythmias and sudden cardiac death (5).
Unfortunately, despite the well-accepted roles of
fibrosis in cardiac dysfunction, no targeted antifi-
brotic drugs for the heart exist. Thus, it is crucial to
understand the fundamental mechanisms that drive
cardiac fibrosis so that novel approaches to thwart
this pathogenic process can be discovered.

Resident fibroblasts in the heart are major con-
tributors to cardiac fibrosis (6,7). In response
to stress, these cells undergo a cell state transition to
become activated fibroblasts, sometimes referred to
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as myofibroblasts, which produce high levels of ECM.
Inflammatory cues from dead myocytes, leukocytes,
vascular cells, and resident fibroblasts themselves
have historically been viewed as the major drivers of
fibroblast activation in the heart. However, there is a
growing body of evidence to support a role for
myocyte-derived secreted factors in the control of the
cardiac fibroblast activation (8,9). In this issue of
JACC: Basic to Translational Science, Gardner et al.
(10) reveal a function for heat shock protein
20 (Hsp20) in the regulation of pro-fibrotic
cardiomyocyte-to-fibroblast crosstalk.
Hsp20 is a member of the small heat shock super-
family of proteins that function as chaperones to
prevent protein misfolding through adenosine
triphosphate�independent processes (11,12). Over the
last decade, several studies have demonstrated car-
dioprotective functions of Hsp20. Work by Chu et al.
(13) and Fan et al. (14) established that cardiomyocyte
Hsp20 levels and phosphorylation at serine-16 were
increased by b-adrenergic stimulation, which resulted
in protection against apoptosis. Subsequently, they
discovered that transgenic mice with cardiomyocyte-
specific expression of Hsp20 were protected from
ischemia-reperfusion injury (15). The protective ef-
fects of Hsp20 in the heart were corroborated by other
groups using distinct cell-based and in vivo models of
cardiac stress (16). Furthermore, cell culture studies
that used Hsp20 derivatives harboring a phosphomi-
metic or a non-phosphorylatable amino acid in place
of serine-16, and S16D and S16A, respectively, impli-
cated protein kinase A (PKA)� or protein kinase
D�mediated phosphorylation of this site as a benefi-
cial signaling event in cardiomyocytes (16).

Paradoxically, in the current study, Gardner et al.
(10) showed that cardiomyocyte-specific expression
of Hsp20-S16D in mice led to systolic dysfunction and
100% mortality in <1 year. In contrast, there were no
https://doi.org/10.1016/j.jacbts.2019.03.007
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FIGURE 1 Model for Hsp20-Mediated Cardiomyocyte-to-Fibroblast Crosstalk

Stress signals lead to protein kinase A (PKA)�mediated phosphorylation of heat shock protein 20 (Hsp20) in cardiomyocytes. Phospho-Hsp20

associates with the actin cytoskeleton and transmits activating signals to nuclear transcription factors (TFs) that stimulate production of

interleukin (IL)-6. IL-6, secreted from cardiomyocytes, functions in a paracrine manner to stimulate resident cardiac fibroblasts.
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deleterious effects of transgene-mediated expression
of non-phosphorylatable Hsp20-H16A in the heart.
Hsp20-S16D transgenic mice exhibited significant
interstitial fibrosis before evidence of myocyte
apoptosis, which led the investigators to postulate
that phospho-Hsp20 could be triggering reactive
interstitial fibrosis through paracrine activation of
resident fibroblasts. Consistent with this notion,
exposure of cultured cardiac fibroblasts to medium
from cultured cardiomyocytes ectopically expressing
Hsp20-S16D, but not Hsp20-S16A, led to a modest
increase in fibroblast activation markers. The in-
vestigators went on to show that Hsp20-S16D pro-
motes production and secretion of interleukin-6 (IL-
6), which has the capacity to stimulate cardiac fibro-
blasts in vitro and in vivo. A 1-month treatment with a
neutralizing antibody against IL-6 was found to block
pathological cardiac fibrosis in Hsp20-S16D transgenic
mice.

The current findings further establish the impor-
tance of myocyte-derived paracrine signaling in the
control of fibroblast activation in the heart, and sug-
gest novel approaches for therapeutically targeting
cardiac fibrosis based on IL-6 inhibition or altering
Hsp20 phosphorylation and/or function. Although
inhibiting IL-6 signaling has yielded contradictory
results in murine models by either blunting or exac-
erbating cardiac disease, a recent phase 2 clinical trial
demonstrated that tocilizumab, a humanized mono-
clonal antibody against the IL-6 receptor, reduced
inflammation and cardiac damage in patients post-
myocardial infarction (17,18). In the future, cardiac
cardiac magnetic resonance, which is the current gold
standard modality for noninvasive evaluation of car-
diac fibrosis, could be used to evaluate the ability of
tocilizumab and other IL-6 targeted therapies to
reduce ECM deposition in the heart.

Regarding Hsp20, most efforts to date have
focused on enhancing phosphorylation of this
chaperone as a therapeutic strategy for HF. Hsp20
is found in multiprotein complexes that
include phosphodiesterase-4 (PDE4), which degrades
cyclic adenosine monophosphate and thereby
dampens PKA-mediated phosphorylation of sub-
strates, including Hsp20. Peptide disrupters of the
Hsp20�PDE4 interaction have been shown to in-
crease Hsp20 phosphorylation and block car-
diomyocyte hypertrophy and fibrosis, which suggests
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that, counter to the conclusions of the current study,
Hsp20 phosphorylation is cardioprotective (19,20).

Because of potential translational significance of
Hsp20 phosphorylation, it will be critical to extend
the findings of Gardner et al. (10) to further address
the question of whether this post-translational
modification is beneficial or detrimental to the
heart. The answer likely lies somewhere in the mid-
dle, with the cost-to-benefit ratio of Hsp20 phos-
phorylation being determined by factors such as
the stoichiometry and duration of the phospho-
modification. Because Hsp20-S16D was expressed in
>10-fold excess of the endogenous protein, most of
the pool of this chaperone in cardiomyocytes repre-
sents the phospho form. It is possible that balancing
the amount of transgene-produced S16D versus
endogenous Hsp20 to more closely match physiolog-
ical levels of phospho-Hsp20 will yield distinct
effects, which may be salutary. Additionally, imple-
mentation of an inducible transgene system that en-
ables temporal modulation of S16D expression
acutely following myocardial infarction could un-
cover the protective effects of Hsp20 phosphoryla-
tion. This latter system would enable investigators to
address the possibility that acute increases in
phospho-Hsp20 exert beneficial effects in the context
of a pathogenic insult, but disrupt cardiac homeo-
stasis in the absence of stress.

It will also be important to determine if the
discrepancy between the current findings and previ-
ous work, which suggested favorable consequences of
Hsp20 phosphorylation, is due to the use of the S16D
construct. Aspartic and glutamic acid are frequently
used to mimic the negative charge of a phospho
group, but these substitutions do not always reca-
pitulate the consequences of site-specific phosphor-
ylation (21). Knock-in mice harboring an alanine
codon for amino acid 16 in the endogenous Hsp20
locus should be particularly informative.
Additional investigation of the mechanisms by
which Hsp20 controls IL-6 expression in cardiac
muscle also has the potential to guide translational
efforts. Previous studies have demonstrated that
b-adrenergic receptor signaling in cardiomyocytes
leads to PKA-dependent recruitment of Hsp20 to the
actin cytoskeleton, which is coupled to enhanced
cellular contraction (14). Presumably, the actin-
associated pool of phospho-Hsp20 conveys signals
to nuclear transcription factors that control IL-6 gene
expression (Figure 1). Details about the molecular
basis for this cytoskeleton-to-nucleus communication
in cardiomyocytes could reveal regulatory nodes that
could be manipulated to blunt the transcriptional
network that governs pathogenic cardiomyocyte-
to-fibroblast crosstalk. As alluded to by the in-
vestigators, phospho-Hsp20 might also function
within the cardiomyocyte nucleus to stimulate IL-6
gene expression.

In summary, the compelling study described by
Gardner et al. (10) has advanced our understanding of
the mechanisms that control fibrosis of the heart and
has shed light on possible avenues for therapeutic
intervention, while concurrently uncovering new and
exciting questions. Answers to these questions will
undoubtedly be forthcoming as investigators
continue to put the heat on the problem of cardiac
fibrosis.
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Nuclear envelope proteins have been shown to play an important role in the pathogenesis of inherited dilated

cardiomyopathy. Here, we present a remarkable cardiac phenotype caused by a homozygous LEMD2 mutation

in patients of the Hutterite population with juvenile cataract. Mutation carriers develop arrhythmic cardiomy-

opathy with mild impairment of left ventricular systolic function but severe ventricular arrhythmias leading to

sudden cardiac death. Affected cardiac tissue from a deceased patient and fibroblasts exhibit elongated nuclei

with abnormal condensed heterochromatin at the periphery. The patient fibroblasts demonstrate cellular

senescence and reduced proliferation capacity, which may suggest an involvement of LEM domain containing

protein 2 in chromatin remodeling processes and premature aging. (J Am Coll Cardiol Basic Trans Science

2019;4:204–21) © 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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ICD = implantable
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LEMD2 = LEM domain

containing protein 2

LGE = late gadolinium

enhancement

LMNA = lamin A/C

LV = left ventricular

PBS = phosphate-buffered

saline

NE = nuclear envelope

P = passage

SAHF = senescence-associated

heterochromatin foci

= single nucleotide variant
D ilated cardiomyopathy (DCM) is character-
ized by left ventricular (LV) or biventricular
dilatation and systolic dysfunction that

often leads to heart failure and sudden cardiac death
(1). Genetic forms of DCM are heterogeneous, which
became more evident with the widespread use of
next-generation sequencing panels or exome
sequencing (2). To date, >50 disease-related genes
have been reported, although relatively few are sup-
ported by robust segregation analyses or experi-
mental data. Mutations in genes encoding inner
nuclear membrane (INM) proteins lamin A/C (LMNA)
and emerin (EMD) have been shown to be involved
in the pathogenesis of DCM. LMNA encodes A-type
lamins, which are intermediate filaments that,
together with B-type lamins, form a filamentous
structure that underlies the nuclear envelope (NE)
(3). Dominant LMNA mutations cause a variety of
phenotypes involving skeletal muscle, cardiac mus-
cle, adipose tissue, and peripheral nerves, including
a form of Emery-Dreifuss muscular dystrophy and
isolated DCM. LMNA mutations account for 6% to
10% of genetically determined DCM and are
frequently associated with arrhythmias and conduc-
tion system disturbances (4). EMD encodes an LEM
domain protein located in the nuclear lamina and
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has a role in assembly of the nuclear lamina
and structural organization of the NE. EMD
mutations are associated with an X-linked
form of Emery-Dreifuss muscular dystrophy,
which usually includes a severe form of car-
diomyopathy (5). Moreover, variants in genes
encoding other nuclear membrane compo-
nents have also been implicated in cardiomy-
opathy, including SYNE1, SYNE2, and LAP2a
(1).

LEM domain containing protein 2 (LEMD2)
is a member of the group II LEM domain
proteins, which contain w40 conserved
amino acids representing the LEM domain, a

domain discovered previously in other INM proteins
(6–9). It is ubiquitously expressed in the INM of the
NE with an increase during telophase and lower
expression in the endoplasmic reticulum (10–13).
LEMD2 binds the deoxyribonucleic acid (DNA)-bind-
ing protein barrier to autointegration factor (BANF)
mediated by the LEM domain and interacts with nu-
clear lamins by its N-terminal and transmembrane
domains (14). Complete disruption in mice causes
embryonic lethality by embryonic day 11.5, leading to
reduced sizes of most tissues. Neural and heart
structures appeared to be less developed and/or
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abnormal. Studies of knock-out embryos exhibited
thin myocardium with underdeveloped trabeculae,
consistent with a role for LEMD2 in cardiac develop-
ment. Moreover, knockdown of it in an immortalized
mouse myoblast cell line (C2C12) causes a myogenesis
defect (13,15).

Recently, a mutation in LEMD2 has been associated
with juvenile cataract and a risk for sudden cardiac
death in the Hutterite population (16). The Hutterite
population is a genetic isolate who originated in
Europe in the 16th century and emigrated to the
United States and Canada in the 1870s. They can be
traced back to <100 founders and are divided into 3
branches: Dariusleut, Lehrerleut (L-leut), and
Schmiedeleut (S-leut) (17,18).

In the present study, we clinically and genetically
characterized 2 large Hutterite families with LEMD2-
associated disease from the L-leut and S-leut
branches. Individuals carrying the homozygous mu-
tation (c.38T>G; p.L13R) in the LEMD2 gene exhibited
a new form of arrhythmic cardiomyopathy with
localized inferior and inferolateral myocardial scar-
ring and severe arrhythmias but only mild impair-
ment of systolic LV function. Cardiac tissue and
fibroblasts from affected patients exhibited abnor-
mally shaped and elongated nuclei as well as het-
erochromatin disorganization. Mutant fibroblasts
showed a proliferation defect and cell senescence but
no increased apoptosis, suggesting an involvement of
mutant LEMD2 in chromatin remodeling processes
and premature aging.

METHODS

PATIENT CHARACTERIZATION. The study conformed
to the principles outlined in the Declaration of
Helsinki and was approved by institutional review
boards of the University of Calgary and University
of Manitoba (ID-E23515, ID-E20729, HS16978). All
participating individuals provided written informed
consent. Clinical evaluation included 12-lead elec-
trocardiography, signal-averaged electrocardio-
graphy, and exercise testing according to the
Bruce protocol, 24-h Holter monitoring, and
2-dimensional transthoracic echocardiography and/or
cardiac magnetic resonance (CMR) imaging. In
some cases, additional investigations and/or records
such as reports from implantable cardioverter-
defibrillators (ICDs) were obtained. Medical records
of deceased individuals have been collected when
possible to reconstruct their phenotypes. Tissue
blocks of heart and liver of the deceased individual
600, II-16 have been further investigated. A skin
biopsy was taken from individual 600, II-18, indicated
as “Pat” and 2 volunteers at an age of 40 years
(age-matched control subjects: Ctrl1 and Ctrl2) and 61
years (“old” senescent control: Ctrl3) for isolating
dermal fibroblasts.

GENETIC STUDIES. DNA from 4 affected individuals
of family 600 (II-2, II-3, II-18, and III-4) were extracted
and underwent exome sequencing. Sequence enrich-
ment was performed by using the Agilent SureSelect
Whole Human Exon 50 Mb XT (version 3) kit (Agilent
Technologies, Santa Clara, California) and sequenced
on a 5500xl SOLiD system (Thermo Fisher Scientific,
Waltham, Massachusetts). Raw color space sequences
were error-corrected and aligned to the human refer-
ence genome version hg19 with version 2.5 of the
5500xl manufacturer’s LifeScope software version 2.5,
using the “targeted.resequencing.pe” workflow (19).
The aligned sequences were deduplicated, realigned,
and genotypes called by using multiple third-party
programs, using the validated workflow described
previously (20). Nonsynonymous single nucleotide
variants (SNVs) and insertions and deletions in
coding regions were retained for the downstream
analysis, which were further annotated with func-
tional impact. Minor allele frequencies of the control
subjects were evaluated by using the Genome Aggre-
gation Database (21). Rare homozygous variants
(population allele frequency <0.05) that were shared
among all 4 individuals were identified as potential
causal variants. Fine mapping was undertaken in 4
affected family members of family 600 and 2 affected
family members of family 290 (III-12 and III-13) using 8
SNVs that flanked the 18.3 Mb homozygous region at
chr.6p21.3 containing LEMD2.

MOLECULAR MODELING. The PyMOL Molecular
Graphics System, versionw1.3r1 (August 2010) by
Schrödinger LLC (Cambridge, Massachusetts), was
used to introduce the p.L13R mutation into the LEMD2
domain with the atomic structure PDB ID 2ODC (22).
The Swiss Model Homology Server was used to
generate a model of this domain, including the mutant
p.L13R using LEM domain template (PDB ID 2ODC).

HISTOLOGY AND TRANSMISSION ELECTRON

MICROSCOPY. Heart tissue was embedded in
paraffin, and 5-mm thick slices were deparaffinized
and stained with hematoxylin and eosin, Masson’s
trichrome, and picro sirius red (1% sirius red in satu-
rated aqueous picric acid) as previously described
(23). An Olympus Bx54 microscope equipped with an
UPlanSApo 100x/1.4NA objective (Olympus, Tokyo,
Japan) was used for imaging. Samples for the trans-
mission electron microscopy were fixed, dehydrated,
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and embedded in resin blocks. Blocks were split to
50- to 70-nm thin sections and imaged by using a
Hitachi H-7650 transmission electron microscope
(Hitachi High Technologies America, Inc., Schaum-
burg, Illinois).

PLASMID GENERATION AND CELL CULTURE. A
plasmid containing the full-length human LEMD2
complementary DNA fused to an enhanced green
fluorescent protein (eGFP)-tag on the C terminus was
purchased (GeneCopoeia, Rockville, Maryland). The
mutation c.38T>G was introduced by using the
QuikChange Lightning Kit (Agilent Technologies).
The mCherry-tagged Lamin A plasmid (Addgene,
Cambridge, Massachusetts) was purchased and used
for co-transfection. C2C12 and HEK293 cells were
cultured in Dulbecco’s modified Eagle’s medium
(L-glutamine, 4.5 g/l glucose; Lonza Group, Basel,
Switzerland) supplemented with10% fetal calf serum
and 500 U/ml penicillin and 500 mg/ml streptomycin.
Fibroblast cell lines were cultured in gelatin 0.01%
(MilliporeSigma, Burlington, Massachusetts) coated
plates and incubated in fibroblast media consisting of
Dulbecco’s modified Eagle’s medium (L-glutamine,
4.5 g/l glucose; Lonza Group) supplemented with
10% fetal calf serum, 500 U/ml penicillin, 500 mg/ml
streptomycin, and MEM Non-Essential Amino Acids
Solution 100� (Thermo Fisher Scientific).

IMMUNOCYTOCHEMISTRY, IMMUNOHISTOCHEMISTRY,

AND CONFOCAL MICROSCOPY. C2C12 cells were
transfected with either eGFP-LEMD2 or mCherry-
Lamin A/C or co-transfected with both by using
Lipofectamine 2000 (Thermo Fisher Scientific). Forty-
eight hours after transfection, cells were fixed for
20 min in 4% paraformaldehyde at 4�C, washed
3 times with phosphate-buffered saline (PBS) for
10 min each) and blocked for 1 h with goat serum.
Afterwards, the slides were washed, and Prolong
Gold Antifade Mountant with 40,60-diamidino-2-
phenylindole (DAPI) (Thermo Fisher Scientific) was
added. Fibroblast cells were spread on 0.01% gelatin-
coated cover slides and incubated at 37�C for 48 h
and fixed with 4% paraformaldehyde for 20 min
at 4�C. Paraffin-embedded tissue slides (5 mm) were
deparaffinized by using xylene and ethanol. Tissue
and fixed fibroblast cells were washed with PBS,
blocked with goat serum, and stained overnight
with primary antibodies followed by secondary anti-
bodies conjugated with Alexa-488 and Alexa-555 dyes
for 2 h at room temperature (Supplemental Table 1
and Supplemental Figure 1 for isotype control stain-
ing) and embedded in ProLong Gold Antifade
Mountant with DAPI. The LSM5 Exciter (Carl Zeiss AG,
Oberkochen, Germany) was used for confocal imag-
ing. All images were processed with Zen software
v6,0,0,303 (MDaemon Technologies, Ltd., Grapevine,
Texas).

WESTERN BLOT ANALYSIS. Transfected HEK293
cells were collected 48 h after transfection. Fibro-
blasts were harvested after reaching 80% confluence.
Both were collected in radio-immunoprecipitation
assay buffer supplemented with proteinase inhibitor
cocktail (Roche, Mannheim, Germany) and homoge-
nized. Protein samples were separated by using
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, transferred to the membrane and incubated
with primary antibodies overnight at 4�C followed by
the horseradish peroxidase–conjugated secondary
antibody at room temperature for 2 h (Supplemental
Table 1). Bands were detected on the ChemiDoc
equipment (Bio-Rad, Hercules, California) after
adding Amersham ECL Western Blotting Detection
Reagent (GE Healthcare, Life Sciences, Chicago, Illi-
nois). Bands were quantified by using Image Lab
Touch Software version 6.0 (Bio-Rad, Hercules,
California).

FIBROBLAST CELL PROLIFERATION ASSAY. Fibroblast
cells from a 38-year-old patient (family 600, II-18), a
40-year-old age-matched control subject (Ctrl1), and a
61-year-old male control subject (Ctrl3) at different
passage numbers were used for the proliferation
assay. Cells were diluted to 20,000 cells/ml with
fibroblast medium and seeded into a 96-well flat
bottom plate coated with gelatin and incubated at
37�C for 2 h before scanning. The plate was placed
into the IncuCyte ZOOM system (Essen BioScience
Inc., Ann Arbor, Michigan) and scanned under the
phase 4� object with a 2-h interval. Collected data
were analyzed by using the IncuCyte ZOOM’s
confluence processing analysis tool (basic analysis).

APOPTOSIS ASSAY FROM TISSUE. Paraffinized
sectioned slices from heart and liver of the deceased
patient (family 600, II-16) and a control were
stained with 5-bromo-20-deoxyuridine 50-triphosphate
according to the APO-BRDU-IHC Colorimetric kit
(MilliporeSigma) instructions (24). Images were con-
ducted by using the Olympus Bx54 microscope
equipped with an UPlanSApo 100x/1.4NA objective
(Olympus, Tokyo, Japan).

TERMINAL DEOXYNUCLEOTIDYLTRANSFERASE-

MEDIATED dUTP NICK END LABELING AND CELL

SENESCENCE ASSAY OF FIBROBLASTS. Fibroblasts
were harvested and fixed with freshly prepared 2%
paraformaldehyde for 1 h at room temperature. Cells
were suspended in permeabilization solution and

https://doi.org/10.1016/j.jacbts.2018.12.001
https://doi.org/10.1016/j.jacbts.2018.12.001
https://doi.org/10.1016/j.jacbts.2018.12.001
https://doi.org/10.1016/j.jacbts.2018.12.001
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incubatedwith terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling reaction mixture
for 1 h at 37�C in the dark. For the staining, the in situ
cell death detection kit (Roche) was used. Cells were
sorted with the fluorescence-activated cell sorting
(FACS) Calibur (Becton Dickinson) flow cytometer,
and the results were analyzed with FlowJo software
version 7.6.1 (FlowJo, Ashland, Oregon). Cultured
fibroblasts with identical passage number were
subjected to b-galactosidase staining by using a
senescence b-galactosidase staining kit (CS0030,
MilliporeSigma) following the manufacturer’s
instructions.

CELL CYCLE ANALYSIS. Harvested fibroblasts were
fixed by –20�C pre-cooled 75% ethanol and stored at
–20�C overnight. Fixed cells were rinsed twice with
PBS, re-suspended in PBS containing 100 mg/ml
RNase A (Takara Bio, Kusatsu, Japan), and incubated
at 37�C for 30 min. Propidium iodide 40 mg/ml plus
0.25% Triton X-100 was added to the cell suspen-
sion, and cells were incubated in the dark at 37�C for
30 min. Stained DNA was analyzed by using a FACS
Calibur flow cytometer and FlowJo software version
7.6.1.

STATISTICAL ANALYSIS. All datasets are expressed
as mean � SEM. The replicates and numbers (N) of
experiments are indicated with each experiment.
Two-way analysis of variance was used for all the
assays with multiple samples. Statistical analyses
were performed by using Prism 7 software (version
7.0a; GraphPad Software, La Jolla, California), if not
otherwise indicated.

RESULTS

ARRHYTHMIC CARDIOMYOPATHY WITH REGIONAL

INFERIOR AND INFEROLATERAL MYOCARDIAL SCARRING

IS ASSOCIATED WITH JUVENILE CATARACT. We clini-
cally investigated 20 members of 2 extended families
(family 600 and family 290) of the L-leut and S-leut
branches of the Hutterite population who have a
history of bilateral juvenile cataract (Figure 1A,
Table 1). The phenotype of bilateral juvenile cataract
was reported previously in family 600 (16,25,26);
however, it became obvious that cardiac disease may
also be associated with it after 2 individuals from the
original publications died suddenly at the ages of 28
and 43 years (family 600, III-2 and II-16).

Eighteen additional individuals from both fam-
ilies with a history of bilateral juvenile cataract
were identified. Those who were available for study
underwent detailed cardiac investigations (Table 1).
Six individuals aged 8 to 22 years had normal
clinical findings. The remainder exhibited some
form of cardiac disease that appeared to be age
dependent. A group of 4 people (family 290, II-20,
II-21, III-20, and III-21) aged 15 to 46 years demon-
strated a subclinical phenotype with normal cardiac
function and no arrhythmias but a pattern of
fibrosis detected by late gadolinium enhancement
(LGE) in the cardiac magnetic resonance imaging
(MRI) (Figure 1B, a,c,d). Interestingly, the LGE
pattern and location appeared to be very specific
and was also seen in more severely affected in-
dividuals (Figure 1B, b).

In the entire cohort, 5 individuals died of sudden
cardiac death ranging in ages from 28 to 51 years
(family 600, III-2 and II-16; family 290, II-3, II-4, and
II-6). One additional individual had a sudden cardiac
arrest on exertion at the age of 36 years and was
resuscitated (family 290, II-22). This patient along
with 3 other individuals between 29 and 38 years of
age (family 600, II-2, II-3, and II-18) also exhibited a
significant pattern of scarring in the CMR imaging in
the inferior and lateral wall segments with transmural
LGE. All 4 individuals had wall motion abnormalities
and mildly reduced systolic LV function ranging
between 43% and 48% on CMR imaging. A similar
pattern of LGE can also be observed in inferior/
inferolateral myocardial infarction. Therefore, 2 of
the patients underwent a computed tomography
angiogram (family 600, II-18) or a coronary angiogram
(family 290, II-22), and normal coronary arteries
were found. Patient 600, II-18 had an ICD placed
for primary prevention and had ventricular arrhyth-
mias terminated by an ICD shock w1 year later
(Figure 1C).

Two patients had phenotypes more consistent with
progressive dilation and heart failure rather than
having a sudden arrhythmogenic event (family 290,
II-3 and II-5). Patient 290, II-5 presented at 25 years of
age due to shortness of breath and was found to have
a phenotype of DCM with severe mitral regurgitation
and significant systolic dysfunction. His disease pro-
gressed over the next 2 years despite medical ther-
apy, and he eventually received a heart transplant. He
is currently doing well in his 40s but unfortunately
many of his medical records reporting the clinical
phenotype were not available for this study,
including cardiac pathology findings. His sisters
(family 290, II-3 [mentioned earlier] and II-4)
reportedly had similar clinical phenotypes and were
being medically managed when they died suddenly of
presumed arrhythmias.

Although not assessed by a neuromuscular
specialist, none of the homozygous carriers



FIGURE 1 Clinical Features of 2 Extended Hutterite Families With Arrhythmic Cardiomyopathy and Juvenile Cataract

(A) Pedigrees of 2 multigenerational Hutterite families of L-leut (family 600) and S-leut (family 290) descendants. Filled black squares (male subjects) and circles

(female subjects) refer to affected individuals with cataract and arrhythmic cardiomyopathy. Filled upper half symbols indicate individuals diagnosed with arrhythmic

cardiomyopathy. Filled lower half symbols refer to individuals with juvenile cataract. Diagonal lines indicate deceased individuals. Double lines refer to known

consanguinity. The genotype indicated by a “þ” is the p.L13 (wild-type) allele and that indicated by a “-” is the mutant p.R13 allele. (B) Short-axis views of late

gadolinium enhancement cardiac magnetic resonance imaging of family 290, II-20 (a), II-22 (b), III-20 (c), and III-21 (d) confirming nearly transmural delayed

enhancement of the inferior/inferolateral walls as indicated by the arrows. (C) Rhythm strip of individual 600, II-18 recorded by the implantable cardioverter-

defibrillator before delivering an appropriate shock (upper panel). Representative 12-lead electrocardiogram of the same individual showing deep T-wave inversions

inferior and lateral corresponding to areas of fibrosis in the cardiac magnetic resonance image (lower panel). DNA ¼ deoxyribonucleic acid; LEMD2 ¼ LEM domain

containing protein 2.
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demonstrated clinically evident skeletal muscle dis-
ease. Of note, several heterozygous carriers of family
600 underwent clinical investigations with electro-
cardiography and echocardiography (e.g., all siblings
and the parents of patient 600, II-16); no cardiac ab-
normalities have been observed.

Overall, the cardiac phenotype can be summarized
as a LV cardiomyopathy with or without dilatation
with a localized inferior and inferolateral pattern of
fibrosis and subsequent wall motion abnormalities
in this region. The main clinical phenotype is char-
acterized by ventricular arrhythmias and sudden
death, suggesting the term arrhythmic cardiomyopa-
thy although a subset presented with a phenotype
more consistent with classic DCM. The earliest signs
of the disease were detected in individual 290, III-21



TABLE 1 Clinical Characteristics of Individuals With Bilateral Juvenile Cataract

Age of
Investigation (yrs)

CMR

Echocardiography
Tissue Characterization (Scar)
and Wall Motion Abnormalities RVEDVi RVEF LVEDVi LVEF

Family 600

II-2 31 Inferior and inferolateral scar, thinned
and a kinetic, fibrosis subendocardial
and subepicardial

74 ml/m2 52% 84 ml/m2 47% LA dilated, mildly reduced LV function,
hypokinetic apex, LVEDD 5.0 cm
(normal), normal RV function

II-3 29 Fibrosis inferior and inferolateral
with corresponding hypokinesis,
fibrosis subendocardial and
subepicardial

72 ml/m2 57% 84 ml/m2 48% Normal LA, LVEF 45%, inferolateral wall
akinetic, LVEDD 4.7 cm (normal),
normal RV function

III-2 28 deaths NA NA NA NA NA Moderate decreased LV and RV function,
LVEF 36%

II-16
AR-900A 62†

42 deaths NA NA NA NA NA NA

II-18
AR-900A 31†

38 Basal and mid inferolateral and apical
lateral hypokinetic, apex dyskinetic,
same segments transmural scarring

101 ml/m2 54% 94 ml/m2 43% Normal LA, LVEF 45%, mild global
hypokinesis, apex akinetic, LVEDD
4.2 cm (normal), normal RV function

III-4
AR-900A 37†

9 NA NA NA NA NA Normal

Family 290

III-12 21 None 84 ml/m2 63% 97 ml/m2 56% Normal

III-13 19 None 108 ml/m2 51% 100 ml/m2 58% Normal

III-14 10 None 84 ml/m2 55% 78 ml/m2 56% Normal

III-20 20 Delayed enhancement inferolateral wall 62 ml/m2 51% 67 ml/m2 64% Normal

III-21 15 Delayed enhancement inferolateral wall 57.5 ml/m2 58% 64 ml/m2 57% Normal

II-20 46 Delayed enhancement, epi-mid
myocardial, inferolateral wall
mid-level

66 ml/m2 58% 57 ml/m2 68% Normal

II-21 43 Delayed enhancement, epi-mid
myocardial, inferolateral wall at base

64 ml/m2 54% 68 ml/m2 57% Normal

II-22 36 LV basal inferolateral wall akinesis,
LBBB (abnormal septal motion),
delayed enhancement basal
inferior lateral walls

38 ml/m2 70% 93 ml/m2 45% Regional wall motion abnormalities,
moderately dilated LA

III-5 8 NA NA NA NA NA Normal

III-6 13 None 109.3 ml/m2 56% 79.6 ml/m2 56% Normal

II-5 25 NA NA NA NA NA Dilatation of both ventricles, severe MV
regurgitation, severe systolic
dysfunction

II-4 44 deaths NA NA NA NA NA NA

II-6 30 deaths NA NA NA NA NA NA

II-3 51 deaths NA NA NA NA NA NA

All living individuals are homozygous mutation carriers of the LEMD2 mutation. *Autopsy report summary: Heart was not enlarged but showed area of scarring at left ventricular (LV) free wall. Microscopic
findings: Extensive transmural scar with neovascularization. Myocytes at the edge of scar are hypertrophied. The fibrosis extends around the myocytes and appears to expand interstitial spaces from the
endocardium to the epicardial surface. There was no gross or microscopic vascular disease as well as no acute inflammation (no myocarditis). †Corresponding individual described by Boone et al. (16).

CMR ¼ cardiac magnetic resonance imaging; ICD ¼ implantable cardioverter-defibrillator; ILR ¼ internal loop recorder; LA ¼ left atrium; LBBB ¼ left bundle branch block; LVEDi ¼ left ventricular
end-diastolic volume index; LVEF ¼ left ventricular ejection fraction; LVEDD ¼ left ventricular end-diastolic diameter; MV ¼ mitral valve; nsVT ¼ no sustained ventricular tachycardia; NA ¼ not available;
RV ¼ right ventricular; RBBB ¼ right bundle branch block; RVEDVi ¼ right ventricular end-diastolic volume index; RVEF ¼ right ventricular ejection fraction; SA-ECG ¼ signal averaged electrocardiogram;
SR ¼ sinus rhythm; PAC ¼ premature atrial beat; PVCs ¼ premature ventricular complexes.

Continued on the next page
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with mild changes in the CMR imaging at 15 years of
age (Figure 1B, d), whereas 6 individuals, all #22 years
of age, have not yet shown any signs of the disease
(Table 1).
GENETIC ANALYSES CONFIRMED A HOMOZYGOUS

MUTATION IN LEMD2 (c.38T>G; p.L13R) IN ALL

CLINICALLY AFFECTED INDIVIDUALS. Recently, a
homozygous mutation in the inner nuclear membrane



TABLE 1 Continued

ECG
Arrhythmias
(24 Holter) SA-ECG ICD or ILR Cataract Clinical History Other

SR, T-wave inversions III,
aVF, V4-V6

2,757 isolated PVCs,
51 couplets, slow runs
of nsVT, no pauses

3/3 positive for late
potential

ILR: no significant
arrhythmias

Yes No symptoms, no fainting NA

SR, incomplete RBBB,
T-wave inversions II,
III, aVF, V5, V6,
delayed R V2-V4

1,984 isolated PVCs,
38 couplets, no nsVT,
no pauses

3/3 positive ILR: no significant
arrhythmias

Yes No symptoms, no fainting NA

SR, RBBB, abnormal R-
wave progression
V3-V5, T-wave inversion
across all leads

NA NA NA Yes Died suddenly during work; felt
unwell few hours before,
3 yrs ago diagnosed with
peripartum cardiomyopathy

NA

NA NA NA NA Yes Died suddenly during kitchen
work; no previous symptoms

Autopsy*

SR, T-wave inversions III,
aVF, V3-V6, delayed
R-wave progression V2-V6

nsVT runs of 10 and 13 beats,
monomorphic, frequent
PVCs (2286), no pauses

NA ICD: 1� shock fast
polymorphic VT

Yes Syncope associated with ICD
shock

CT angiogram: no
coronary artery
disease

Normal for age None 3/3 negative NA Yes No symptoms, no fainting Normal exercise
stress test

Early repolarization 1 isolated PAC, no nsVT 1/3 positive NA Yes No symptoms, no fainting NA

Normal for age Normal 1/3 positive NA Yes No symptoms, no fainting NA

Normal for age Normal 2/3 positive NA Yes No symptoms, no fainting NA

Normal for age 650 PVCs, 1 couplet,
no nsVT

1/3 positive NA Yes No symptoms, no fainting Normal Exercise
stress test

Normal for age Normal Normal NA Yes No symptoms, no fainting NA

Normal Normal Normal NA Yes No symptoms, no fainting Normal exercise
stress test

Normal 4,800 PVCs Normal NA Yes No symptoms, no fainting Normal exercise
stress test

LBBB, T inversions
V4-V6

NA NA ICD, no shocks Yes Collapsed with exertion,
required resuscitation,
cardioversion for
sustained VT

Normal coronary
angiogram

Normal for age Normal Normal NA Yes No symptoms, no fainting NA

SR RBBB Rare PVCs of 2 dominant
morphologies

Abnormal
repolarization

NA Not at age
13 yrs

No symptoms, no fainting Homozygous for
LEMD2 p.L13R

LBBB with left-axis
deviation

NA NA NA Yes Followed up from age 25 yrs,
heart transplant at age
27 yrs, today age 44 yrs

No cardiac
pathology
available

NA NA NA NA Yes Died suddenly at kitchen table
at age 44 yrs, history of
“enlarged heart”

No autopsy done

NA NA NA NA Yes Died suddenly at age 30 yrs
while skating

No autopsy done

NA NA NA NA Yes Died suddenly at age 51 yrs,
was followed up for
“cardiac condition”

No autopsy done
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protein LEMD2 (c.38T>G; p.L13R) was reported by
Boone et al. (16) in individuals of the Hutterite popu-
lation with juvenile cataract and sudden death.
The cohort we report here consists of 3 affected in-
dividuals reported from the original publication by
Boone et al. (II-16, II-18, and III-4 in family 600)
(Table 1) and an additional 17 unique affected in-
dividuals. We independently confirmed the region of
homozygosity on chromosome 6p21.31 between
genomic positions 24,784,436 and 43,044,640,
covering 18.3 Mb. Eight SNVs with a minor allele
frequency <0.01 located in the shared region were
used for fine mapping of 4 affected family members of
family 600 and 2 affected family members (III-12 and
III-13) of family 290, which narrowed down the region
of homozygosity on chr.6p.21 to 6.8 Mb containing
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w60 genes (Supplemental Table 2). LEMD2 was the
only gene containing a novel homozygous missense
mutation c.38T>G; p.L13R (chr.6: 33,772.202), which
was not found in the Genome Aggregation Database
(21). All individuals from both families with juvenile
cataracts were found to be homozygous for the
c.38T>G mutation, except 1 carrier, who we believe is
pre-symptomatic at 13 years of age (family 290, III-6).

The p.L13Rmutation is located in the LEMdomain at
a highly evolutionary conserved position (Figure 2A).
Three-dimensional protein remodeling of the mutated
protein showed that the amino acid residue substitu-
tion R13 leads to steric hindrance to form a proper
three-dimensional structure (Figure 2B).

To determine the carrier frequency of the p.L13R
mutation in the Hutterite population, we used a
previously published resource available through the
University of Chicago (27,28). Briefly, this resource
consists of a database of 98 healthy Hutterite
individuals from the S-leut branch who have had full
genome sequencing (i.e., complete allele ascertain-
ment) and another 1,317 healthy Hutterites from the
S-leut branch who had a more limited analysis but
were imputed for every possible genotype in the
genome. The imputed genotypes were all calculated
with high confidence by using linkage disequilibrium
and pedigree analysis as previously described (28).
The database was interrogated for the disease allele,
and 8 individuals from the fully sequenced cohort
were found to carry 1 copy, yielding an estimated
carrier frequency of 1 of 13 (0.0769) assuming Hardy-
Weinberg equilibrium. However, this frequency
was even higher at 1 of 8 (0.125) when the larger
cohort with imputed genotypes was used, suggesting
this disease may have a very large impact in this
population.

AFFECTED HEART TISSUE OF A DECEASED PATIENT

AND FIBROBLASTS SHOW ELONGATED AND

INVAGINATED NUCLEI WITH CONDENSED PERIPHERAL

HETEROCHROMATIN. We next analyzed heart tissue of
the left ventricle from the deceased patient (family
600, II-16). Histology from specimens from patient
600, II-16 and a control LV heart sample demon-
strated significantly more myocyte hypertrophy and
interstitial fibrosis, as well as an increase in collagen
deposits in the deceased patient tissue compared
with control myocardium (Figure 2C). It has been
previously reported that muscle cell nuclei from pa-
tient tissue with DCM due to mutations in the NE
protein LMNA exhibit an alteration of nuclear
morphology (29). To examine the structure of the
nuclei, we performed transmission electron micro-
scopy from cardiac tissue as well as from patient
fibroblasts (family 600, II-18) compared with an
aged-matched control (Ctrl1) at 2 different passage
numbers (P2 and P15). The nuclei of the affected heart
tissue appeared to be very abnormal in shape and
heterochromatin structure. They were elongated and
showed an invagination of the nuclear membrane as
well as condensed clumping of peripheral hetero-
chromatin (Figure 2D). All observed nuclei in cardiac
tissue demonstrated those abnormalities (n ¼ 100
nuclei examined). In patient fibroblast cells, the
invagination of the nuclear membrane was also
frequently noticed, but the peripheral chromatin was
less condensed compared with the nuclei of the heart
tissue. Abnormal fibroblast nuclei were detected in
80% of the nuclei (n ¼ 300) at P2 and were increased
to 90% at P15. Only a few abnormal nuclei (w20%) at
P2 and 30% at P15 were detected in 300 nuclei of the
age-matched control (Figure 2E).

To investigate a potential mislocalization of
mutant LEMD2, immunohistochemistry experiments
were conducted of affected cardiac tissue, affected
fibroblasts, and in vitro cellular expression studies of
recombinant wild-type and mutant LEMD2 proteins.
We detected LEMD2 at the expected localization at
the nuclear membrane in cardiac tissue from patient
600, II-16 and fibroblasts from patient 600, II-18 by
using a C-terminal LEMD2-specific antibody. There
was no difference compared with the control subjects
in either experiment. Furthermore, staining of car-
diac tissue and fibroblast cells showed co-localization
of both LMNA and LEMD2 in patients and control
subjects (Figures 3A and 3B, Supplemental Figure 1).
We measured the expression of LEMD2 and LMNA by
Western blot analysis using whole protein lysates
from fibroblasts; no significant difference was noted
between the patient and control subjects (Figure 3C).

We subsequently introduced the c.38T>G mutation
into a full-length human LEMD2 complementary DNA
clone and expressed either mutant or wild-type eGFP-
tagged LEMD2 in C2C12 cells. The wild-type (p.L13) as
well as the mutant (p.R13) protein showed normal
localization at the nuclear membrane (Figure 3D),
consistent with the finding in cardiac tissue and
fibroblast cells. Furthermore, co-transfection with
LMNA complementary DNA clone showed co-
localization of both proteins in vitro. In addition,
HEK293 cells expressing wild-type or mutant eGFP-
LEMD2 demonstrated similar expression levels, indi-
cating a stable mutant protein (Figure 3E).

THE LEMD2 MUTATION INDUCES A PROLIFERATION

DEFECT AND CELL SENESCENCE IN PATIENT

FIBROBLASTS. To test the effect of mutant LEMD2
on cell proliferation, fibroblast cells from patient and
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FIGURE 2 The Mutation p.L13R in LEMD2 Causes Interstitial Fibrosis and Abnormal Nuclei in Affected Myocardial Tissue and Fibroblasts

(A) Protein domain structure of human LEM domain containing protein 2 (LEMD2) and conserved motifs. (Top) the LEMD2 protein consists of an LEM domain, lamin A/

C–binding domain, 2 transmembrane domains, and a Man1/Src1p C-terminal domain. Domain information was obtained from UniProt (63) and Brachner et al. (10). The

red arrow indicates the location of the human mutation. (Bottom) The leucine residue at position 13 (yellow shadow) of LEMD2 is conserved across species. (B)

Predicted 3-dimensional structure of the N-terminal domain of LEMD2 with wild-type leucine (Leu) in the left panel and the replaced arginine (Arg) at position 13 in

the right. (C) Histology of cardiac tissue from patient 600, II-16 (Pat) showing extensive interstitial fibrosis and myocyte hypertrophy compared with the control

(Ctrl). a, Masson’s trichrome (scale bar: 500 mm) staining shows fibrotic tissue in blue; b, hematoxylin and eosin staining (scale bar: 100 mm) and (c) picro sirius red

(PSR) demonstrate collagen deposits (scale bar: 100 mm). Myocyte size in hematoxylin and eosin and collagen deposits in PSR were significantly increased in Pat vs. Ctrl;

***p < 0.001. (D) Representative images of affected myocardial tissue (upper panel) recorded by transmission electron microscopy revealed elongation and bizarre

shapes/invagination of the membrane (arrowheads) of nuclei with clumping of peripheral heterochromatin (arrows). Transmission electron microscope images of

fibroblasts (lower panel) from patient 600, II-18 (Pat) and age-matched control (Ctrl1). Note the abnormal morphology (arrowhead) of the nuclei and the condensed

heterochromatin (arrows). (E) Quantification of abnormal nuclei in patient and age-matched control fibroblasts at passage 2 (P2) and passage 15 (P15); n ¼ 300 nuclei,

respectively. There is a significant increase of abnormal nuclei in the patient cells (Pat) compared with the control (Ctrl1); n ¼ 300 nuclei; ***p < 0.001.
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FIGURE 3 Unchanged LEMD2 Localization and Expression in Patient Cells, Cardiac Tissue, and Transfected C2C12 Cells
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(A and B) Representative confocal images of patient and control myocardial tissue as well as fibroblasts showing normal localization of LEMD2 (green, arrow) co-

localizing with lamin A/C (red) at the nuclear membrane; 40,60-diamidino-2-phenylindole (DAPI) (blue) indicates nuclei. Scale bars represent 20 mm. (C) Western blot

showing LEMD2 and lamin A/C protein expression in fibroblasts in the left panel. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control.

Quantification by densitometry (n ¼ 3 experiments with 2 to 3 replicates) of LEMD2; quantification of lamin A and C and LEMD2 protein expression in the right panel

shows no difference. (D) Representative confocal images of transfected C2C12 cells with recombinant enhanced green fluorescent protein (eGFP)-tagged wild-type

(WT) (p.L13) or mutant (p.R13) LEMD2 (green) co-transfected with mCherry–lamin A/C (LMNA) (red) demonstrated co-localization. Scale bar represents 20 mm. (E)

Western blot analysis of eGFP-LEMD2 proteins after transfection into HEK293 cells. GAPDH was used for loading control. Quantification by densitometry (n ¼ 3) reveals

no difference in the protein level between mutant (p.R13) and WT (p.L13) LEMD2. Un ¼ un-transfected; other abbreviations as in Figure 2.
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2 control subjects (age matched, younger control)
underwent live cell counting using the IncuCyte
microscope at different passage numbers (P2 and
P15). We found that patient fibroblasts demonstrated
a significantly diminished proliferation rate at P2
compared with both control subjects; however,
the age-matched fibroblasts also showed slower rates
of proliferation compared with the younger-aged
control. At P15, patient cells did not proliferate
but remained viable in culture, whereas both con-
trols still proliferated (Figure 4A). Because this
finding is a feature of premature senescence, we
stained for b-galactosidase activity as a marker for
cell senescence and found a significant increase
in the number of cells positive for b-galactosidase
at P6 and P15 in patient cells compared with
both control subjects (Figure 4B). Remarkably, even
fibroblasts from an individual 20 years older
(Ctrl3) exhibited fewer b-galactosidase–positive cells
compared with patient fibroblasts. We concluded
that cells expressing mutant LEMD2 undergo
premature senescence.

LEMD2 has been shown to be involved in DNA
replication and mitosis. To understand the effects of
mutant LEMD2 on cell cycle progression, we stained
fibroblasts from the patient and 2 control subjects by
using propidium iodide and examined cell cycle
phase distribution. A larger portion of patient cells
and the older age control cells were unable to prog-
ress from the G1 phase to the S phase and resulted in a
prolonged G1 phase, which was even more significant
at higher passage numbers. These data indicate that
mutant LEMD2 may induce a G1 arrest (Figure 4C).
Furthermore, we examined levels of cell cycle regu-
latory protein (Aurora B), a well-established G2/M
phase marker. Whole protein lysates from patient
cells exhibited decreased levels of Aurora B expres-
sion compared with both control subjects, consistent
with the result from the cell cycle experiment
(Figure 4D).

The abnormal proliferation profile seen in mutant
fibroblasts could be a consequence of the imbalance
between proliferation and apoptosis. We therefore
assessed increased apoptosis in patient tissue and
fibroblasts. First, affected heart and liver tissue were
stained with 5-bromo-20-deoxyuridine 50-triphos-
phate, and the number of brown apoptotic bodies was
counted. No obvious apoptotic bodies were detected
in the patient and 2 control tissues (Figure 5A). We
used the same assay in the patient and control fibro-
blasts and measured broken DNA ends by using flow
cytometry. No significant difference in the apoptotic
signals between the patient and the 2 control subjects
were detected (Figure 5B). Finally, we tested the
expression of caspase 3 and annexin V in whole pro-
tein lysates from fibroblasts and found no difference
between the patient and control cells (Figure 5C).
These data suggest that the mutation in LEMD2 does
not affect the apoptotic pathway.

DISCUSSION

Genes-encoding INM proteins, most importantly
LMNA and EMD, have been shown to be involved in
the pathogenesis of human inherited DCMs. Here, we
report a new homozygous missense mutation in the
INM protein LEMD2 that leads to juvenile cataract
and a severe form of arrhythmic cardiomyopathy with
variable onset in people of the Hutterite founder
population. We clinically and genetically character-
ized a cohort of 18 individuals from 2 different
branches of the Hutterite population and found a
primarily arrhythmic phenotype. Importantly,
frequent ventricular arrhythmias and focal LV fibrosis
preceded LV dilation and depressed myocardial
performance, which are the classic hallmarks of DCM
(30). However, the progression of LEMD2-associated
disease may also lead to the common features of
DCM: a hypokinetic left ventricle with decreased LV
function as seen in one of the patients who required
heart transplantation (family 290, II-5). However, our
data support the requirement to recognize a broader
phenotypic spectrum of DCM as recently outlined
by Pinto et al. (31), in particular for early stages of
genetically determined cardiomyopathies. Because
ventricular arrhythmias are often life-threatening
before other clinical symptoms occur and precede
LV dysfunction in most of our cases, we decided
to call it “arrhythmic cardiomyopathy,” which should
also be distinguished from arrhythmogenic cardio-
myopathy (ACM). In ACM, myocardium of the
right, and often of both, ventricles are replaced by
fibrotic and fatty tissue. Our patients did not exhibit
any right ventricular involvement by cardiac imaging,
we observed no fat tissue replacement in the histol-
ogy of autopsy tissue, and none of the patients
fulfilled the diagnostic Task Force Criteria for
ACM (32).

Interestingly, the delayed enhancement by CMR
imaging detected subepicardial, subendocardial, and
at later stages transmural patchy fibrosis affecting
mainly the inferior and inferolateral wall segments.
Although the LGE pattern was suggestive of an
ischemic etiology, there was no evidence of obstruc-
tive coronary artery disease on cardiac computed
tomography imaging or coronary angiography.



FIGURE 4 The LEMD2 p.L13R Mutation Inhibits Proliferation, Induces Cell Senescence, and Cell Cycle Arrest in Fibroblasts

(A) Cell proliferation assay based on confluence from passage 2 (P2) in the left panel and P15 in the right panel in patient (Pat) fibroblasts, Ctrl1, and an older age

(“high-senescence”) control (Ctrl3). There was a significant difference in the rate of proliferation detected between both control subjects and patient at P2 and P15.

The cells were imaged every 2 h for 90 h. n ¼ 8 wells, mean � SD, ***p < 0.001. (B) Images of b-galactosidase (b gal)-stained fibroblasts from patient and Ctrl1 as well

as Ctrl3 at passage 6 (P6) and P15 in the left panel. Note that the amount of blue-stained cells is visibly higher in patient cells. (Right) Quantification of b gal–stained

cells revealed increased cell senescence in patient cells compared with both control subjects at passages as indicated (n ¼ 3; **p < 0.01; ***p < 0.001).

(C) Fibroblasts stained with propidium iodide and measurements of the deoxyribonucleic acid content for each phase of the cell cycle by flow cytometry. Cells were

taken from Ctrl1 at P6 and 9, from the patient (Pat) at passage 8 and passage 11, and from Ctrl3 at passage 12. Representative diagrams of each phase of the cell cycle

are shown in the left panel. (Right) Quantification of the deoxyribonucleic acid content showed a potential arrest in the G1 phase in patient fibroblasts compared with

Ctrl1 and similar to Ctrl3 at later passage. n ¼ 3; **p < 0.01; *p < 0.05; ***p < 0.001. (D) Western blot of Aurora B protein expression in patient and control cells on

the left panel. GAPDH was used as loading control. (Right) Quantification by densitometry of Aurora B protein expression revealed a significant difference between

both control subjects and patient fibroblasts. n ¼ 3 experiments with each 2 to 3 replicates; ***p < 0.001. Abbreviations as in Figures 2 and 3.
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FIGURE 5 The Mutation in LEMD2 Does Not Induce Significant Apoptosis

(A) Apoptosis assays were conducted by labeling the deoxyribonucleic acid with 5-bromo-20-deoxyuridine 50-triphosphate) in heart and

liver tissue from the affected patient (family 600, II-16) and control heart samples. A positive control was created by adding 1 mg/ml

deoxyribonucleic acids. Apoptotic cells were detected as brown dots. No signs of apoptosis were detected in all tested tissue. (B) Terminal

deoxynucleotidyltransferase-mediated dUTP nick end labeling staining of fibroblasts and flow cytometry from patient and Ctrl1 and Ctrl3.

The histograms of the fluorescein signal collected by using the terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling

method are shown. There is no difference in the apoptotic signals between the 2 control subjects and patient cells. (C) Western blot analysis

of apoptotic markers (annexin V, caspase 3 [2 subunits: 17 and 19 KD]) in patient and control fibroblasts on the left panel. GAPDH was used

as loading control. Quantification of apoptotic markers by densitometry does not show a significant difference in expression levels

(n ¼ 3 experiments with each 2 to 3 replicates). Abbreviations as in Figures 2 to 4.
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Localized fibrotic patterns have also been shown in
other forms of cardiomyopathy; for example, storage
diseases such as Fabry and Danon disease exhibiting
predominantly inferolateral scarring (33,34). Scar
formation in DCM is often a sign of poor prognosis
due to malignant arrhythmias and sudden death,
which is common in our LEMD2 population. More
than one-third (7 of 18) of patients died suddenly or
required resuscitation and/or an ICD shock for ma-
lignant arrhythmias, indicating that clinical risk
assessment should be attentive to arrhythmias and
late enhancement in the CMR images rather than
focus on the LV function, which was either normal or
mildly reduced in most cases.
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Even if not directly comparable, the outcome of
LMNA-related DCM is known as less favorable
compared with other forms of DCM (35–37) . Myocar-
dial fibrosis with minor systolic dysfunction and
dilatation, but significant atrioventricular conduction
disease, is a common feature of LMNA mutation car-
riers, particularly in early disease (38). In addition,
EMD-related cardiomyopathy often starts with sinus
bradycardia and conduction disease (39). Similar to
LEMD2 disease, in LMNA and EMD cardiomyopathy,
fibrosis and arrhythmias usually preceded the DCM
phenotype, but in contrast, LEMD2 cardiomyopathy
did not present with major conduction defects, at
least not in our patients. Further clinical character-
ization of a bigger patient cohort and longer follow-
ups will help to define the phenotype and outcome
of LEMD2 cardiomyopathy more precisely.

LEMD2 is one of the Group II LEM domain proteins
that contain an amino-terminal LEM domain in the
nucleoplasm and 2 interior transmembrane domains.
It interacts with LMNA by its N-terminal and trans-
membrane domains. The localization of LEMD2 in a
lamin-dependent manner is mediated by the reten-
tion domain inside the N-terminal of LEMD2
(Figure 1D). Deficiency or loss of the A-type lamins
(LMNA) causes mislocalization of the LEMD2 protein
to the endoplasmic reticulum (10). If and how our
missense mutation affects LMNA association was
investigated by co-localization studies in cardiac tis-
sue and fibroblast cells, as well as transfected C2C12
cells. Our results showed that the localization of both
LEMD2 and LMNA at the NE was not altered, indi-
cating that the mutation may not affect the retention
signal and thus LMNA binding.

A remarkable finding was the bizarre nuclear
morphology and the abnormally condensed periph-
eral chromatin in affected heart tissue and fibroblast
cells. It is known that deficiency of LEMD2 disrupts
the NE structure and causes a misshaped nucleus
with invaginations and lobulations (40,41), resulting
in lower nuclear circularity in the Caenorhabditis
elegans mutant (42). LEMD2 has an important indirect
role in chromatin organization because it is a binding
component of the peripheral heterochromatin A-
tether through formation of a complex with the N-
terminus of LMNA (43). It also binds the DNA-binding
protein BANF, which can influence histone post-
translational modifications (44). BANF plays impor-
tant structural roles in nuclear assembly and
chromatin architecture during interphase, and unde-
fined roles in gene regulation. It regulates specific
gene expression through its interaction with LEM
proteins. It is a common feature of many LEM
proteins to interact directly with transcriptional reg-
ulators (45). We hypothesize that the L13R mutation
may disrupt the interaction of BANF and LEMD2,
which in turn leads to abnormal downstream tran-
scriptional regulation. Interestingly, in Schizo-
saccharomyces pombe, the chromatin association and
tethering of centromeres to the periphery are medi-
ated by the LEM domain of yeast LEMD2, whereas the
C-terminal MSC domain is required and sufficient to
mediate the proper localization of telomeres (46) and
contributes to heterochromatin silencing (47). We
speculate that the abnormal chromatin condensation
was either caused by a binding defect to BANF or an
increased affinity for the LEM domain to bind with
centromeres because of the mutated positive charged
“arginine,” which may lead to heterochromatin
augmentation.

We investigated cell proliferation, cell cycle arrest,
and b-galactosidase activity in patient fibroblasts.
Mutated fibroblasts showed a trend toward disturbed
cell proliferation, cell cycle arrest in G1 phase, and
increased b-galactosidase activity, which is a conse-
quence of an increased number of lysosomes (48). In
combination with the abnormally condensed periph-
eral chromatin, these affected cells enter into senes-
cence. The condensed punctate foci of peripheral
chromatin are termed senescence-associated hetero-
chromatin foci (SAHF) (49,50). SAHF formation oc-
curs relatively late during the onset of senescence (51)
and is prominent in acute senescence models, such as
oncogene-induced senescent cells, and infrequently
detected in replicative senescent cells (52,53). SAHFs
are generated by a spatial rearrangement of pre-
existing heterochromatin involving a clustering of
regions that share specific histone modifications
(54–56). They appear to maintain senescence through
repression of growth-promoting genes (57), a process
that might be important in the pathogenesis of
LEMD2-associated cardiac disease.

We observed that a high percentage of patient
fibroblasts exhibited premature cell senescence
compared with control subjects, whereas apoptosis
did not play a major role. Recently, several studies
have shown that senescent cells actively suppress
apoptosis (58,59); Chang et al. (60) and Zhu et al. (61)
used the antiapoptotic protein inhibitors to trigger
the senescent cells into apoptotic death. Apoptotic
cells are eliminated by phagocytes in a manner that
does not stimulate inflammation (62); senescent cells
are viable, however, and have the potential to influ-
ence neighboring cells through pro-inflammatory
secretion of growth factors and cytokines, which are
well known as the senescence-associated secretory



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Familial DCM

can be caused by mutated proteins involved in many subcellular

systems, but the NE and its interacting proteins play an emerging

role in the pathogenesis of DCM. LEMD2 is a novel disease gene

for DCM with an arrhythmic phenotype preceding LV dysfunction

similar to LMNA- and EMD-related cardiomyopathies. Our anal-

ysis presents for the first time a detailed description of the car-

diac phenotype associated with LEMD2 disease, as well as

pathogenetic and molecular findings observed in patient cells

and cardiac tissue indicating chromatin remodeling, reduced

proliferation capacity, and cell senescence. LEMD2 disease ex-

pands the spectrum of clinical laminopathies and may account

for a proportion of cardiomyopathy of undetermined cause in

populations outside the Hutterites.

TRANSLATIONAL OUTLOOK: Despite decades of discovery,

the complex mechanisms of laminopathies leading to cardiac

disease and premature aging (progeria) are still not fully under-

stood. LEMD2 as a new player, and its role in cardiomyopathy,

may help to further unravel the interactions of INM proteins of

the INM, nucleoplasm, and cytoplasm. It may also aid in deter-

mining the roles of INM proteins in the maintenance of cellular

integrity, in regulation of signaling pathways, and in chromatin

organization and regulation of gene expression. Future research

should focus on the role of LEMD2 in health and disease and may

add a piece to the puzzle of understanding the complex network

involved in laminopathies.
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phenotype. These phenotypes may influence the
development of cardiomyopathy due to inflammation
followed by fibrosis.

There are number of unanswered questions in
this disease, including: Why is there a phenotype
restricted to the heart and lens despite ubiquitous
LEMD2 expression? How does the mutation disturb
the interaction to potential binding partners? How
does the abnormal nuclear morphology affect gene
transcription and signal transduction? More mecha-
nistic research needs to be conducted to understand
the complex mechanisms involved in the pathogen-
esis of the p.L13R LEMD2 mutation in the develop-
ment of cardiomyopathy.

CONCLUSIONS

Mutation in LEMD2 leads to a syndromic form of
early-onset cataract and an arrhythmic DCM in which
ventricular arrhythmias often precede dilatation and
LV dysfunction. Mutant LEMD2 leads to remarkable
changes in the shape of nuclei with condensed het-
erochromatin formation, reduced proliferation ca-
pacity, and cell senescence in fibroblasts suggesting
the involvement of LEMD2 in chromatin remodeling
and premature aging.
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SUMMARY
AB B
AND ACRONYM S

BL = baseline

BO1 = first balloon occlusion

BO2 = second balloon

occlusion

dP/dtmax = maximal rate of

isovolumetric contraction

dP/dtmin = maximal rate of

isovolumetric relaxation

DSHB = Developmental
Stunning and cumulative ischemic dysfunction occur in the left ventricle with coronary balloon occlusion.

Glucagon-like peptide (GLP)-1 protects the left ventricle against this dysfunction. This study used a conduc-

tance catheter method to evaluate whether the right ventricle (RV) developed similar dysfunction during right

coronary artery balloon occlusion and whether GLP-1 was protective. In this study, the RV underwent sig-

nificant stunning and cumulative ischemic dysfunction with right coronary artery balloon occlusion.

However, GLP-1 did not protect the RV against this dysfunction when infused after balloon occlusion.

(J Am Coll Cardiol Basic Trans Science 2019;4:222–33) © 2019 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

es Hybridoma Bank

= end-diastolic pressure
Studi

EDP
GLP = glucagon-like peptide

GLP-1R = glucagon-like

peptide 1 receptor

LV = left ventricular

PCI = percutaneous coronary

intervention

PV = pressure–volume

RCA = right coronary artery

RV = right ventricular

Tau = time constant of

diastolic relaxation
T he importance of the right ventricle in the
pathophysiology of heart disease is of
increasing clinical relevance (1). Involvement

of the right ventricle in myocardial infarction raises
the risk of cardiogenic shock and increases mortality,
even when treated with primary percutaneous coro-
nary intervention (PCI) (2). Pre-existing right ventric-
ular (RV) failure portends poor prognosis in several
conditions (3), and acute deterioration in RV function
often has important hemodynamic and clinical
consequences.

The blood supply to the right ventricle depends on
the coronary anatomy. In a right-dominant system
(80%), the right coronary artery (RCA) supplies most
of the right ventricle (4). The right ventricle is
believed to be relatively resistant to ischemia
compared with the left ventricle, as propelling blood
into a low-resistance pulmonary circulation requires
less work. The right ventricle has thinner, less
muscular walls with a lower energetic demand and a
lower nutrient/oxygen requirement as a result (5).
Coronary balloon inflation during PCI provides a
model of supply ischemia. Brief coronary balloon
occlusion of the RCA reduces RV stroke volume and
stroke work, while there is persistent deterioration of
both systolic and diastolic function at 15 min after
reperfusion (6,7). Studies of brief coronary occlusion
on left ventricular (LV) function suggest that, after
transient improvement resulting from reactive hy-
peremia, residual ventricular dysfunction is revealed
(stunning) when coronary flow normalizes at some
point after reperfusion (8).

Glucagon-like peptide (GLP)-1is an incretin hor-
mone, produced from L cells in response to food
bolus. GLP-1 receptor (GLP-1R) agonists such as exe-
natide and liraglutide are used in the management of
diabetes mellitus. Data from large trials have shown
that these agents have cardiovascular benefits (9,10).
Native GLP-1 has been shown to protect against
stunning and cumulative ischemic dysfunction in the
left ventricle, whether administered before or
after balloon occlusion (11–13).

Animal studies have found that GLP-1
protection against lethal ischemia-
reperfusion in the left ventricle is depen-
dent on intracellular signaling pathways
involving p70s6K and the phosphoinositol-3-
kinase–Akt complex (14–16). These signal
cascades are important in the transduction of
ischemic preconditioning, and the final
effector is the mitochondrial potassium–
adenosine triphosphate channel (m-KATP channel).
However, blockade of the m-KATP channel, a final
effector of ischemic preconditioning, did not abrogate
GLP-1 protection in humans (13). Similarly, animal
models have implicated changes in myocardial
metabolism in GLP-1 cardioprotection (17–21), but a
series of human studies have cast doubt on altered
substrate use as the cause (12,22,23). A recent study
found that GLP-1 is a coronary-specific vasodilator in
humans but does not exert its ventricular effect by
reducing systemic vascular tone. This study also
confirmed that the GLP-1R was present on LV car-
diomyocytes but was not expressed on vascular tis-
sue, and thus GLP-1 is likely to have a direct
ventricular effect, with secondary vasodilator effects
mediated by ventricular–arterial cross-talk (24).

The present study investigated whether RV
dysfunction occurs during serial coronary balloon
occlusion, assessed by using the gold standard
conductance catheter technique (25–28), and whether
it is ameliorated by GLP-1. These data will confirm
whether GLP-1 cardioprotection is confined to the left
ventricle or whether it offers protection from RV
ischemia.

METHODS

STUDY POPULATION. Patients with severe, domi-
nant (providing the posterior descending artery) RCA

http://creativecommons.org/licenses/by-nc-nd/4.0/


FIGURE 1 Study Time Line

Blood samples taken before baseline (BL1) and at 30-min recovery (BL2). BO1 ¼ first balloon occlusion; BO2 ¼ second balloon occlusion;

GLP-1 ¼ glucagon-like peptide 1.
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disease awaiting single-vessel elective PCI, and with
normal RV function assessed by echocardiography,
were recruited. Patients were excluded if they had
experienced a myocardial infarction in the preceding
3 months, had a pacemaker or significant valvular
heart disease, or were not in sinus rhythm. All pa-
tients provided written informed consent before
study inclusion.

Patients were recruited in 2 blocks (control fol-
lowed by GLP-1) to test the first hypothesis that
serial balloon occlusion caused ischemic dysfunc-
tion, before testing whether GLP-1 infusion amelio-
rated the dysfunction. The study protocol was
designed to match that used by Read et al. (11) to
assess the effect of GLP-1 on the left ventricle. The
study was approved by the local ethics committee
(REC 14/EE/0141) and complied with the Declaration
of Helsinki. The study was registered on clinical-
trials.gov (NCT02236299); the trial identification
number was UKCRN14028.

PRE-STUDY PROTOCOL. Variables that could alter
coronary or ventricular hemodynamic variables were
minimized. Patients were asked to abstain from
consuming caffeine, alcohol, and nicotine, as well as
nicorandil and oral/sublingual nitrates, in the 24 h
before the procedure. Patients were fasted for 6 h,
received aspirin 300 mg and clopidogrel 300 mg
before the procedure, and were anticoagulated with
unfractionated heparin (70 to 100 IU/kg). An activated
clotting time was maintained >250 s throughout the
procedure.

CARDIAC CATHETERIZATION. Figure 1 depicts the
study time line. A 6-F sheath was placed in the right
radial artery and a 7-F sheath was placed in the right
femoral vein under local anesthetic. Glyceryl
trinitrate 100 mg was administered into the radial
artery at the beginning of the procedure as standard
to prevent radial spasm but not into the coronary
arteries. Patients received 500 ml 0.9% saline
administered intravenously before the procedure.
No other infusions were administered during the
procedure. A 6-F multipurpose catheter was posi-
tioned in the pulmonary artery and then the right
atrium to measure mean pressures and obtain mixed
venous blood gas saturations for determination of
indirect Fick cardiac output. Blood was sampled to
measure blood resistivity. A 7-F eight-electrode
conductance catheter (Millar, Inc., Houston, Texas)
was connected to an MPVS Ultra (Millar, Inc.) signal-
conditioning unit in series with the PowerLab 16/30
(ADInstruments, New South Wales, Australia) 16-
channel amplifier. The conductance catheter was
submersed in a saline bath and the pressure trans-
ducer zeroed before insertion through the venous
sheath and positioning it apically along the long axis
of the right ventricle under fluoroscopic guidance
(Figure 2A). The conductance catheter was calibrated
by using the technique first described in the left
ventricle by Baan et al. (29) that has subsequently
been used for the right ventricle (30,31).

PRESSURE–VOLUME LOOP DATA ACQUISITION. The
conductance technique was used to measure the
pressure–volume (PV) loop relationship during mid-
expiration breath hold, providing beat-to-beat
assessment of RV function at steady state for at
least 5 cardiac cycles. PV loop data were recorded at
baseline (BL1), the end of a 1-min low-pressure (<4
atm) balloon occlusion (BO1), and at 1-min recovery.
The study infusion was then immediately
commenced. PV loop data were acquired after

https://clinicaltrials.gov/ct2/show/NCT02236299


FIGURE 2 Example of Data Acquisition

(A) Fluoroscopic image of the conductance catheter located in the right ventricle during

low-pressure balloon occlusion of the right coronary artery. (B) Right ventricular (RV)

pressure–volume loops recorded at baseline (blue), at the end of the low-pressure

balloon occlusion (red), and at 15-min recovery (green).
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30-min recovery and at the end of a further 1-min
balloon occlusion (BO2). Once data collection was
completed, PCI was performed at operator discre-
tion. An example of PV loops generated from the
right ventricle during balloon occlusion is shown in
Figure 2B.

OFFLINE RV HEMODYNAMIC MEASUREMENTS.

Conductance catheter data were analyzed offline by
using LabChart software (LabChart 7.0, ADInstru-
ments). Five steady-state PV loops were recorded at
each time point, generating load-dependent param-
eters of systolic and diastolic function. Systolic
parameters of ventricular function were cardiac
output, stroke volume, stroke work, ejection frac-
tion, end-systolic pressure, and the maximum rate of
isovolumic contraction (dP/dtmax). Effective arterial
elastance to assess afterload was also assessed.
Diastolic parameters of ventricular function were
end-diastolic pressure (EDP), the maximum rate of
isovolumic relaxation (dP/dtmin), and the time con-
stant of diastolic relaxation (Tau) (32–34). Tau rep-
resents the exponential decay of the RV pressure
during isovolumic relaxation and was determined by
using the Weiss method. Tau is considered load
dependent but is predominantly affected by heart
rate.

STUDY INFUSIONS. Infusion of GLP-1 (7 to 36) amide
acetate (or 0.9% saline solution at matched rate) at
1.2 pmol/kg/min was administered after the first
balloon occlusion (BO1) until completion of the PV
loopmeasurement (after BO2). This infusionwas at the
same dose as that administered in previous studies
which reduced ischemic dysfunction in the left
ventricle (11–13).

BIOCHEMISTRY. Baseline peripheral venous blood
samples to measure glucose, insulin, GLP-1 (7 to 36)
amide, and free fatty acids were obtained at the
beginning of the case. Additional peripheral venous
blood samples were drawn before the second balloon
occlusion. Blood for GLP-1 assays was drawn up into
pre-prepared 2-ml syringes containing 20 ml of
dipeptidyl peptidase-4 inhibitor (Merck Millipore,
Nottingham, United Kingdom). These syringes were
chilled before collection, and the blood sample
was immediately transferred to 2.5-ml ethyl-
enediaminetetraacetic acid tubes, which had also
been prepared, containing the protease inhibitor
aprotinin (Trasylol, Nordic Group, Trondheim, Nor-
way). These samples were kept in crushed ice until
they were spun and stored at �20�C. Samples for



TABLE 1 Demographic and Hemodynamic Data

Control (n ¼ 13) GLP-1 (n ¼ 11) p Value

Demographic characteristics

Age, yrs 72 (62–75) 66 (58–72) 0.25

Male 11 (84.6) 7 (63.6) 0.24

Body mass index, kg/m2 28.0 � 4.0 31.3 � 5.3 0.10

Smoking history 8 (61.5) 5 (45.4) 0.43

CCS class (IIþ) 11 (84.6) 7 (63.6) 0.24

NYHA functional class (II or higher) 4 (30.7) 6 (54.5) 0.24

Previous PCI 6 (46.2) 4 (36.3) 0.63

Hypertension 4 (30.7) 3 (27.3) 0.85

Diabetes 1 (7.6) 3 (27.3) 0.20

Previous MI 3 (23.1) 2 (18.1) 0.77

Hemoglobin, g/dl 13.7 � 1.7 13.7 � 1.2 0.99

Creatinine, mg/dl 1.0 � 0.3 1.0 � 0.2 0.36

Baseline hemodynamic variables

Systolic blood pressure, mm Hg 136 � 21 140 � 27 0.69

Diastolic blood pressure, mm Hg 68 � 12 69 � 10 0.98

Systemic MAP, mm Hg 91 � 13 93 � 13 0.79

Mean RA pressure, mm Hg 6 (4–8) 4 (3–6) 0.12

Mean PA pressure, mm Hg 18 (17–21) 13 (12–19) 0.07

PA saturations, % 71.6 � 7.0 71.2 � 3.6 0.86

Aortic saturations, % 94.6 � 2.2 96.0 � 1.4 0.11

Cardiac output, l/min 5.27 � 1.05 4.88 � 0.79 0.14

Cardiac index, l/min/kg 2.67 � 0.51 2.45 � 0.29 0.07

Baseline hemodynamic variables–
RV conductance catheter data

Stroke work, mm Hg/ml 1,377 � 575 1,001 � 382 0.06

Stroke volume, mm Hg/ml 85.9 � 17.7 81.5 � 18.6 0.26

End-systolic pressure, mm Hg 28.5 � 8.7 24.5 � 7.2 0.26

End diastolic pressure, mm Hg 7.6 � 3.9 8.6 � 3.6 0.37

End systolic volume, ml 104 � 41 81 � 43 0.19

End diastolic volume, ml 147 � 40 118 � 50 0.19

Ejection fraction, % 57.7 � 9.4 61.7 � 13.1 0.41

dP/dtmax, mm Hg/s 360 � 78 368 � 116 0.97

dP/dtmin, mm Hg/s �259 � 91 �246 � 49 0.80

Tau, ms 56 � 13 68 � 21 0.06

Ea, mm Hg/ml 0.34 � 0.09 0.33 � 0.15 0.98

Values are median (interquartile range), n (%), or mean � SD.

CCS ¼ Canadian Cardiovascular Society functional classification of angina; dP/dtmax ¼ maximum rate of iso-
volumic contraction; dP/dtmin ¼ maximum rate of isovolumic relaxation; Ea ¼ effective arterial elastance;
GLP-1 ¼ glucagon-like peptide 1; NYHA ¼ New York Heart Association; MI ¼ myocardial infarction; MAP ¼ mean
arterial pressure; PA ¼ pulmonary artery; PCI ¼ percutaneous coronary intervention; RA ¼ right atrial; Tau ¼ time
constant of diastolic relaxation.
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insulin and free fatty acids were also collected.
Blood samples were collected into lithium-heparin
tubes, which were also stored on crushed ice
before centrifugation and storage at �20�C. All
samples were spun within 1 h of collection.

IMMUNOHISTOCHEMISTRY. Human tissue samples
from anonymous donors were stained for the GLP-
1R to correlate our clinical findings with immuno-
histochemistry. LV and RV samples from nondia-
betic patients with ischemic heart disease were
stained. Tissue samples from the Royal Papworth
Hospital Tissue Bank were stained for the presence
of the GLP-1R. Tissue samples were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer for a
minimum of 24 h before dehydration and paraffin
embedding. Pancreas was used as a positive control
and also stained with hematoxylin-eosin to identify
the beta cells. Matched tissue samples from left and
right ventricles underwent immunohistochemical
analysis using the mAb 3F52 GLP-1R antibody. This
receptor was sourced from the University of Iowa
Developmental Studies Hybridoma Bank (DSHB);
monoclonal antibody (mAb) 3F52 was deposited to
the DSHB by Knudsen, L.B. (DSHB Hybridoma
Product mAb 3F52). It has previously been vali-
dated as specific for the GLP-1R to map GLP-1R
expression (35).

STATISTICAL ANALYSIS. Data are expressed as
mean � SD unless otherwise stated. Analysis was
performed by using SPSS version 25 (IBM SPSS Sta-
tistics, IBM Corporation, Armonk, New York). The
sample sizes used in the present analysis had the
power to detect differences between treatment and
placebo groups as estimated by previous research
(11). A minimum of 11 patients per group was needed
to achieve 80% power. Permission to recruit 15 pa-
tients in each group was obtained, ensuring that the
study could be completed if datasets were incom-
plete. Comparison within the groups used a paired
Student’s t-test. For comparisons between groups,
nonparametric data were compared by using a
Mann-Whitney U test, whereas normally distributed
data used an unpaired Student’s t-test. Categorical
data were compared with the Fisher exact test. The
p values <0.05 were considered statistically
significant.

RESULTS

A total of 27 patients were recruited to the study.
Three patients were withdrawn from subsequent
analysis for technical reasons. Patient demographic
data are summarized in Table 1. There were no sta-
tistically significant differences between the groups,
although patients in the GLP-1 group trended toward
having increased mean pulmonary artery pressure
compared with the control group. Baseline hemody-
namic data were broadly similar between groups.
However, there was a trend toward increased Tau
(p ¼ 0.06) and reduced stroke work (p ¼ 0.06) in the
GLP-1 group.



TABLE 2 RV Hemodynamic Data at All Study Time Points

BL1 BO1
p Value
(vs. BL1) 1-min

p Value
(vs. BL1) BL2

p Value
(vs. BL1) BO2

p Value
(vs. BO1)

Control group

Heart rate, beats/min 62 � 12 58 � 11 0.17 61 � 12 0.08 62 � 10 0.47 59 � 10 0.28

Stroke work, mm Hg/ml 1,377 � 575 742 � 355 <0.01 1,351 � 688 0.29 954 � 381 <0.01 745 � 216 0.94

Cardiac output, l/min 5.3 � 1.0 3.6 � 0.8 <0.01 5.0 � 1.1 0.06 4.6 � 1.2 0.03 4.1 � 0.9 0.42

Stroke volume, ml 85.9 � 17.7 62.6 � 13.1 <0.001 82.1 � 17.8 0.28 75.8 � 17.2 0.06 67.0 � 16.5 0.48

ESP, mm Hg 28.5 � 8.7 28.0 � 9.3 0.58 27.2 � 12.3 0.57 29.2 � 11.7 0.54 29.5 � 9.5 0.03

EDP, mm Hg 7.6 � 3.9 9.6 � 4.0 <0.001 7.5 � 4.2 0.03 9.0 � 3.3 <0.01 10.8 � 4.1 0.06

ESV, ml 104.7 � 40.8 116.6 � 31.7 0.18 87.5 � 39.9 0.14 123.9 � 43.5 0.05 130.8 � 43.2 0.01

EDV, ml 146.8 � 40.2 145.8 � 27.3 0.80 130.3 � 33.2 0.19 161.0 � 37.9 0.25 163.6 � 42.5 0.03

Ejection fraction, % 57.7 � 11.5 44.3 � 13.0 <0.01 59.8 � 18.9 0.08 48.5 � 10.2 <0.01 43.9 � 13.6 0.30

dP/dtmax, mm Hg/s 360 � 78 297 � 90 <0.01 411 � 144 <0.01 326 � 85 <0.01 276 � 86 0.01

dP/dtmin, mm Hg/s �260 � 91 �192 � 76 <0.01 �235 � 105 0.44 �230 � 97 <0.01 �192 � 87 0.99

Tau, ms 55.8 � 13.4 108.2 � 43.3 <0.001 69.3 � 27.5 0.02 72.9 � 14.0 <0.001 106.0 � 29.6 0.77

Ea, mm Hg/ml 0.34 � 0.10 0.50 � 0.19 0.01 0.32 � 0.14 0.85 0.41 � 0.20 0.10 0.47 � 0.19 0.74

GLP-1 group

Heart rate, beats/min 62 � 10 60 � 8 0.41 63 � 8 0.71 60 � 9 0.19 60 � 7 0.77

Stroke work, mm Hg/ml 1,001 � 381 878 � 378 0.14 852 � 406 0.12 860 � 374 0.31 787 � 369 0.18

Cardiac output, l/min 4.9 � 0.6 4.1 � 0.8 <0.01 4.4 � 0.9 0.26 4.3 � 1.3 0.16 4.1 � 1.0 0.52

Stroke volume, ml 81.5 � 18.5 68.3 � 16.4 0.04 72.2 � 20.7 0.28 73.9 � 24.8 0.22 69.1 � 19.5 0.54

ESP, mm Hg 24.5 � 7.2 25.7 � 8.8 0.26 26.5 � 8.1 0.06 26.3 � 5.4 0.05 27.1 � 6.9 0.24

EDP, mm Hg 8.6 � 3.6 10.2 � 4.3 0.04 9.8 � 3.9 0.04 9.7 � 3.4 0.08 10.4 � 3.9 0.34

ESV, ml 81.1 � 43.4 83.9 � 41.1 0.41 77.0 � 46.1 0.59 83.2 � 30.8 0.08 91.6 � 42.1 0.04

EDV, ml 118.8 � 50.3 120.7 � 48.8 0.74 120.9 � 44.5 0.79 136.3 � 54.6 0.15 132.0 � 48.4 0.11

Ejection fraction, % 61.7 � 13.1 53.4 � 10.4 0.01 60.8 � 16.5 0.92 55.9 � 12.3 0.04 54.9 � 13.8 0.87

dP/dtmax, mm Hg/s 368 � 115 307 � 86 0.05 346 � 89 0.50 313 � 76 0.02 295 � 73 0.59

dP/dtmin, mm Hg/s �246 � 49 �219 � 67 0.05 �238 � 57 0.25 �240 � 39 0.84 �216 � 59 0.92

Tau, ms 67.8 � 21.0 96.5 � 41.3 0.01 87.4 � 31.8 <0.01 79.6 � 22.3 <0.01 99.5 � 33.9 0.32

Ea, mm Hg/ml 0.33 � 0.15 0.39 � 0.23 0.06 0.41 � 0.24 0.07 0.41 � 0.21 0.01 0.45 � 0.29 0.05

Values are mean � SD.

1-min ¼ 1-minute recovery; BL1 ¼ baseline; BL2 ¼ 30-min recovery; BO1 ¼ first balloon occlusion; BO2 ¼ second balloon occlusion; ESP ¼ end-systolic pressure; EDP ¼ end-
diastolic pressure; ESV ¼ end-systolic volume; EDV ¼ end-diastolic volume; other abbreviations as in Table 1.
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EFFECT OF REPEATED CORONARY BALLOON

OCCLUSION ON RV FUNCTION. Occlusion of the RCA
was associated with deterioration of systolic and
diastolic function compared with baseline (BL1). At
the end of the first balloon occlusion (BO1), stroke
volume, ejection fraction, and dP/dtmax were signifi-
cantly reduced, with Tau and EDP increased (Table 2).
Systolic function improved modestly after 1 min of
reperfusion, and only dP/dtmax improved to above
baseline function. Similarly, there were modest im-
provements in diastolic function at the 1-min recov-
ery, but Tau was still significantly impaired compared
with baseline. At 30-min recovery (BL2), there was
numerical improvement compared with BO1 in most
measures of systolic and diastolic function, with
stroke volume (p ¼ 0.08), dP/dtmax (p ¼ 0.07), and
dP/dtmin (p ¼ 0.09) trending toward improvement,
and a statistically significant improvement in Tau
(p < 0.01). Nonetheless, most measures remained
impaired compared with BL1 (cardiac output, stroke
work, ejection fraction, dP/dtmax, dP/dtmin, EDP, and
Tau), suggesting that there was stunning of the right
ventricle at the 30-min recovery. Further balloon oc-
clusion (BO2) was associated with impairment of the
right ventricle, but only dP/dtmax (p ¼ 0.01) showed
significant impairment of function compared with
BO1, consistent with cumulative ischemic RV
dysfunction.

EFFECT OF GLP-1 ON RV FUNCTION DURING

BALLOON OCCLUSION. The change in parameters of
RV function in the GLP-1 group was similar to those of
the saline control group, with systolic and diastolic
dysfunction after BO1 (before starting the GLP-1
infusion), stunning, and cumulative ischemic RV
dysfunction observed (Table 2). There was no signif-
icant difference in any marker of systolic or diastolic
function between the saline and GLP-1 groups at



FIGURE 3 Serial RV Hemodynamic Data

BO1 caused significant reduction in the (A) maximum rate of isovolumic contraction (dP/dtmax) and (B) stroke volume (SV) and (C) increases in end-diastolic pressure

(EDP) and (D) the time constant of diastolic relaxation (Tau). *p < 0.05 versus BL1. Cumulative ischemic dysfunction measured according to dP/dtmax after a second

balloon occlusion was observed. **p < 0.05 versus BO1. There was no significant difference in any right ventricular index between GLP-1 and control saline. Mean �
SEM. Compared by using Student’s t-test. GLP-1, n ¼ 11; control, n ¼ 13. Abbreviations as in Figure 1.
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either 30-min recovery or the second balloon occlu-
sion (Figure 3).

BIOCHEMISTRY. Figure 4 shows that GLP-1 levels
rose in the GLP-1–infused arm while remaining un-
changed in the control arm. GLP-1 was metabolically
active, causing a significant rise in insulin levels and
a fall in plasma glucose levels. There was a small, but
significant, drop in insulin levels in the control
group. This reduction may represent the fasted na-
ture of the cohort. However, there were no hypogly-
cemic episodes recorded during the study. Plasma
free fatty acids rose in both groups as a result of the
administration of unfractionated heparin required for
the procedure (36), but there were no significant
differences in free fatty acid levels between the
groups.

IMMUNOHISTOCHEMISTRY. Antibody staining of
human RV and LV tissue confirmed patchy mAb
3F52 binding to cardiomyocytes, indicating the
presence of the GLP-1R in both ventricles (Figure 5).

DISCUSSION

To the best of our knowledge this study is the first, to
assess the effect of GLP-1 on RV function using the
conductance technique in humans during supply
ischemia precipitated by repeat coronary balloon oc-
clusion. RCA occlusion was associated with marked
deterioration in systolic and diastolic measures of RV
function. There was rapid RV recovery of some
indices at 1 min, although residual stunning was
observed at 30 min. Further occlusion was associated
with cumulative RV dysfunction in some indices.
GLP-1 did not abrogate myocardial stunning or
ischemic RV dysfunction.

Ischemic LV dysfunction and stunning after tran-
sient coronary balloon occlusion have been reported



FIGURE 4 Serial Biochemical Data

Comparison of change in plasma levels of (A) GLP-1 (7 to 36) amide, (B) glucose, (C) insulin, and (D) free fatty acids (FFA). Mean � SEM.

Compared by using Student’s t-test. GLP-1, n ¼ 11; control, n ¼ 13. *p < 0.05 versus, BL1, †p < 0.05 versus control. Abbreviations as in

Figure 1.
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previously by our group (11–13). Transient supra-
baseline improvement in systolic performance oc-
curs during early reperfusion due to reactive hyper-
emia, causing increased coronary flow that augments
LV function through a phenomenon known as the
Gregg effect (37). Increased volume of the microvas-
culature after reperfusion causes stretch-activated
calcium channels to open. The resultant influx of
calcium increases myocyte contractility and briefly
masks the effect of ischemic LV dysfunction, despite
the presence of stunning (38). Stunning is revealed
when the reactive hyperemia subsides.

In the present study, the magnitude of the effect of
coronary balloon occlusion and reperfusion on RV
function was blunted compared with studies inves-
tigating the left ventricle. This difference may be
explained by: 1) the comparatively low myocardial
mass of the right ventricle; 2) reduced ischemic
burden during RCA occlusion; 3) the conduit nature of
the right ventricle as a volume pump; and 4) because
up to 50% of RV function is derived from the left
ventricle, through a shared septum and ventricular
interdependence. Nevertheless, in contrast to previ-
ous studies (6), we assessed the prolonged recovery
of the right ventricle from transient supply ischemia.
We confirmed that, like the left ventricle, when
reactive hyperemia subsides, RV stunning is
discernible and cumulative RV dysfunction can be
observed.

GLP-1 abrogates LV stunning and cumulative
ischemic dysfunction during both supply (coronary
artery occlusion) and demand (dobutamine stress)
ischemia, in a consistent manner (11,13,39). The
absence of a cardioprotective effect in the right



FIGURE 5 Immunohistochemistry Sections Labeling the GLP-1R With and Without mAb 3F52 Antibody

(A) Pancreatic tissue, high-power (60�), positive control with monoclonal 3F52 antibody, showing moderate widespread staining for

glucagon-like peptide 1 receptor (GLP-1R) with high staining in beta cells. (B) Pancreatic tissue, negative control without mAb 3F52 antibody,

high power (60�), confirming no staining. Right ventricular sections from an explanted heart with ischemic heart disease, (C) low power and

(D) high power (60�), confirming staining with mAb 3F52 for GLP-1R in right ventricular tissue. Matched left ventricular sections, (E) low

power and (F) high power (60�), confirming staining with mAb 3F52 for GLP-1R in the left ventricle. Scale is 100 mm in all images.
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ventricle is surprising, particularly as we have
confirmed that GLP-1 levels were significantly
augmented in our study and that the GLP-1R is
expressed on RV myocytes. This finding is consistent
with other recently published data showing the
presence of GLP-1R messenger ribonucleic acid in all
4 chambers of the heart (40). The absence of protec-
tive effect may again be explained by the reduced
mass of the right ventricle. Although GLP-1 still binds
to cardiomyocytes in the right ventricle, the effect
size could be too small to be detected clinically by the
conductance catheter. Furthermore, the reduced
myocardial mass of the right ventricle may prevent
the detection of cardioprotection by GLP-1 in this
thinner walled ventricle. The GLP-1R appears to be
expressed in the same density as in the left ventricle,



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Animal studies

have shown that GLP-1 protects against lethal ischemia-

reperfusion injury. Human studies have shown that GLP-1 pro-

tects against ischemic left ventricular dysfunction. This transla-

tional study found that stunning and cumulative dysfunction

occur in the right ventricle but that GLP-1 does not abrogate this

action. These findings may be of clinical relevance to a subset of

patients with limited RV reserve during PCI.

TRANSLATIONAL OUTLOOK: Additional research is needed

to address the mechanisms behind GLP-1 cardioprotection in the

left ventricle and whether GLP-1 also protects against lethal

ischemia-reperfusion injury in humans.
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although we have not been able to accurately quan-
tify receptor density for comparison in this study. It is
possible that although GLP-1 binds the receptor in the
right ventricle, this action does not affect the RV
cardiomyocytes in the same fashion as in the left
ventricle. The presence of persistent RV impairment
after PCI to the RCA is pertinent to clinical practice.

Our findings may be especially relevant in patients
with limited RV functional reserve, in whom hemo-
dynamic instability after PCI is a particular risk. Mini-
mizing the duration of coronary balloon occlusion
during PCI in this subset of patients could reduce the
risk of hemodynamic compromise. From a trans-
lational perspective, GLP-1 and GLP-1R agonists
remain potential therapeutic agents for those with
acute hemodynamic disturbance related tomyocardial
ischemia. Pilot studies have shown that GLP-1R ago-
nists reduce the need for inotropic support for criti-
cally ill patients (41,42). However, our data suggest
that, although GLP-1 may be a possible therapy for
ischemic LV dysfunction, GLP-1 is not likely to be a
useful therapy for reducing ischemic RV dysfunction.

STUDY LIMITATIONS. The 30-min recovery period
was chosen for ethical and practical reasons. Longer
follow-up to show that parameters eventually
returned to baseline values would be desirable to
confirm the reversible nature of RV stunning. Simi-
larly, we did not directly confirm coronary flow
normalization required to fulfill the definition of
stunning. However, we and others have confirmed
recovery of basal flow velocity within this time frame
in the left coronary artery (8). The myocardial bed
subtended by the RCA is smaller, and therefore, a
priori, the ischemic insult after RCA occlusion is less
and subsequent reactive hyperemia in response
shorter than that seen after left coronary artery oc-
clusion. Despite recruiting patients with proximal
stenoses in dominant RCAs, we did not confirm the
degree of ischemic insult by using another modality
(e.g., serum lactate). It is possible that the 2 groups
had different ischemic burdens that masked any dif-
ference being observed in the GLP-1 group.

The right ventricle is a challenging chamber to
assess in all imaging modalities. For RV conductance
studies, its thin wall increases parallel conductance,
whereas its eccentric shape means that volume
assessment is less amenable to simple geometric
modeling than the conical left ventricle. Nonetheless,
a number of studies have shown that RV conductance
studies provide accurate assessment of the right
ventricle (6,26,27).

Patients in the present study were not randomized
to treatment. However, all eligible patients were
consecutively recruited into the study from the elec-
tive PCI waiting list compiled independently from the
clinicians involved in the study. The endpoint data
were objective empiric hemodynamic data and not
influenced by knowledge of the allocation and tech-
niques employed were familiar to the operators,
minimizing the risk of a “learning curve” on the re-
sults. GLP-1 protects against ischemic left ventricular
dysfunction. There was a nonsignificant difference in
the baseline characteristics of the 2 groups that was
unexpected and may have disadvantaged the GLP-1
group and prevented small improvements in RV
dysfunction being observed after GLP-1 compared
with control subjects. However, patients also acted
as their own control with serial BO, and we believe
a neutral effect of GLP-1 on the right ventricle is
likely.

CONCLUSIONS

Stunning and cumulative ischemic RV dysfunction
was observed after RCA balloon occlusion in human
subjects. This scenario may contribute to hemody-
namic instability in patients with limited RV reserve.
GLP-1 infusion did not attenuate this ischemic RV
dysfunction.
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Ang II = angiotensin II

ANP = atrial natriuretic peptide

ATM = ataxia telangiectasia

mutated

BNP = brain natriuretic peptide

CVF = collagen volume fraction

DAMP = damage-associated

molecular pattern

DDR = deoxyribonucleic acid

damage response
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High-mobility group box 1 (HMGB1) is a deoxyribonucleic acid (DNA)–binding protein associated with DNA

repair. Decreased nuclear HMGB1 expression and increased DNA damage response (DDR) were observed in

human failing hearts. DNA damage and DDR as well as cardiac remodeling were suppressed in cardiac-specific

HMGB1 overexpression transgenic mice after angiotensin II stimulation as compared with wild-type mice.

In vitro, inhibition of HMGB1 increased phosphorylation of extracellular signal-related kinase 1/2 and

nuclear factor kappa B, which was rescued by DDR inhibitor treatment. DDR inhibitor treatment provided a

cardioprotective effect on angiotensin II–induced cardiac remodeling in mice. (J Am Coll Cardiol Basic Trans

Science 2019;4:234–47) ©2019TheAuthors.PublishedbyElsevieronbehalfof theAmericanCollegeofCardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

= deoxyribonucleic acid
DNA
E/A ratio = ratio of early to

atrial wave

ERK1/2 = extracellular signal-

related kinase 1/2

HMGB1 = high-mobility group

box 1

HMGB1-Tg = high-mobility

group box 1 transgenic

HW/TL = heart weight to tibial

length

IVSd = interventricular septum

diameter

LVDd = left ventricular

diastolic dimension

LVDs = left ventricular systolic
H eart failure is a common disease and has
been increasing worldwide (1,2). Despite
advances in the treatment of heart failure,

patients with heart failure are faced with a poor prog-
nosis (3). Cardiac remodeling, characterized by car-
diac hypertrophy and fibrosis, is closely associated
with the development of heart failure and death
(4,5). It is well known that neurohumoral activation
such as angiotensin II (Ang II) is one of the major
risk factors for pathological cardiac remodeling and
subsequent heart failure (6). However, treatment
that is able to sufficiently suppress pathological car-
diac remodeling has not been established yet.
SEE PAGE 248

dimension

MyD = cardiomyocyte diameter

NF-kB = nuclear factor kappa B

NRCM = neonatal rat

cardiomyocyte

p-ATM = phosphorylation of

ataxia telangiectasia mutated

PWd = posterior wall diameter

WT = wild-type
High-mobility group box 1 (HMGB1) is an abundant
chromatin-associated nuclear nonhistone binding
protein, which has various functions in maintaining
cellular homeostasis (7,8). HMGB1 translocates to
extracellular from intracellular under various stress
situations, and acts as a damage-associated molecular
pattern (DAMP) that triggers several inflammatory
responses (9,10). Extracellular HMGB1 was reported to
cause cardiac hypertrophy and promote myocardial
ischemia or reperfusion injury and inflammation (11–
13). In contrast, intracellular HMGB1 plays roles in
maintaining nucleosome structure, regulating gene
transcription, replication, and DNA repair (7,8).
Recently, it was reported that intracellular HMGB1 has
a more important role in cell fate than extracellular
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HMGB1 during some inflammatory diseases
since ablation of nuclear HMGB1 worsens
disease condition (14–16). We previously re-
ported that cardiac nuclear HMGB1 prevents
cardiomyocyte deoxyribonucleic acid (DNA)
damage in a pressure overload heart failure
mouse model (17). However, the molecular
mechanism underlying the antihypertrophic
effect of cardiac nuclear HMGB1 has not been
fully elucidated.

Various types of stress cause cellular DNA
damage, and the DNA damage response
(DDR) is induced immediately after DNA
damage to repair it (18). Activation of the DDR
occurs after excessive DNA damage and is
reported to be observed in end-stage failing
human hearts (19). Moreover, previous
studies have revealed that DDR activation
plays a crucial role in development of cardiac
remodeling after myocardial infarction and
cardiac hypertrophy (20,21).

We hypothesized that cardiac nuclear

HMGB1 suppresses pathological cardiac remodeling
through inhibition of DDR activation.
METHODS

A detailed description of all experimental procedures
is provided in the Supplemental Appendix.
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HUMAN STUDIES. This study included 27 patients
with heart failure and 5 control patients who were
assessed to rule out cardiomyopathy and had normal
cardiac function. Written informed consent was
obtained from all patients before entry into the study.
The protocol was performed in accordance
to the Helsinki Declaration and was approved
by the human investigations committee of our
institution. Biopsy samples were immediately washed
in phosphate-buffered saline before being snap-frozen
in liquid nitrogen for immunofluorescent co-staining
and biochemical measurements. Immunofluores-
cence was performed to evaluated the expressions of
cardiac nuclear HMGB1, phosphorylation of ataxia
telangiectasia mutated (p-ATM), and g-H2AX in failing
(n ¼ 5) and normal human hearts (n ¼ 5). The heart
sections were stained with hematoxylin and eosin to
assess cardiomyocyte diameter (MyD). The degree of
collagen volume fraction (CVF) was assessed by Mas-
son’s trichrome staining as previously described (22).
Blood samples were obtained to measure brain natri-
uretic peptide (BNP) levels. Correlations between nu-
clear HMGB1 levels and MyD, CVF, and serum BNP
levels were assessed (n ¼ 32).

ANIMAL MODELS. Cardiac hypertrophy was induced
in 10- to 12-week-old mice with cardiac-specific over-
expression of HMGB1 (HMGB1-Tg) and their wild-
type (WT) littermates by chronic infusion of Ang II
(1.5 mg/kg/day) or saline as previously described (23).
For ATM inhibitor experiments, KU55933 (5 mg/kg) or
vehicle was injected intraperitoneally to HMGB1-Tg
mice at 2, 5, 8, and 11 days after Ang II infusion. After
2 weeks, blood pressure, cardiac function, and
dimension were measured. The hearts were removed
for examination of histological changes and bio-
chemical analysis of various protein expression levels.

ECHOCARDIOGRAPHY DETERMINATION. Transthoracic
echocardiography was performed before and after
Ang II infusion under anesthesia as previously
described (24). Left ventricular diastolic dimension
(LVDd), left ventricular systolic dimension (LVDs),
interventricular septum diameter (IVSd), posterior
wall diameter (PWd), left ventricular fractional
shortening (FS), and the transmitral Doppler velocity
ratio of early to atrial wave (E/A ratio) were measured
(n ¼ 10 in WT saline group; n ¼ 10 in WT Ang II group;
n ¼ 6 in HMGB1-Tg saline group; n ¼ 6 in HMGB1-Tg
Ang II group). As for ATM inhibitor experiments, the
same parameters were also measured (n ¼ 9 in WT
vehicle group; n ¼ 10 in WT Ang II þ vehicle group;
n ¼ 6 in HMGB1-Tg Ang II þ vehicle group; n ¼ 6 in WT
Ang II þ KU55933 group; n ¼ 6 in HMGB1-Tg Ang II þ
KU55933 group).
CELL CULTURE AND TREATMENT. Primary culture of
neonatal rat cardiomyocytes (NRCMs) was performed
as previously described (25,26). HMGB1 small inter-
fering ribonucleic acid (siHMGB1), pcDNA-HMGB1
were transfected into NRCMs by using Lipofect-
amine 3000 Reagent (Invitrogen, Carlsbad, Califor-
nia) according to the manufacturer’s instructions.
After serum starvation for 24 h, cardiomyocytes were
stimulated with 1-mM Ang II for 24 h to induce cardiac
hypertrophy, and samples were collected to perform
each experiment. For ATM inhibitor experiments,
cardiomyocytes were pretreated with KU55933
(10 mM) for 1 h before Ang II stimulation.

STATISTICAL ANALYSIS. Data are presented as the
mean � SE. Statistical significance was evaluated
using unpaired Student t test with Welch correction
for comparing 2 groups. Comparing $3 groups were
done using 1-way analysis of variance. Post hoc
pairwise comparisons were done using the Tukey-
Kramer method. Correlation between 2 variables
was examined by using Pearson’s product moment
correlation coefficient. Because CVF and BNP were
not normally distributed, we used log10 CVF and log10
BNP values in the Pearson correlation analysis.
A value of p < 0.05 was considered statistically sig-
nificant. All statistical analyses were performed using
a standard statistical program package (JMP version
11, SAS Institute Inc., Cary, North Carolina).

RESULTS

EXPRESSION OF HMGB1 IN FAILING HUMAN

HEARTS. We investigated the expression of nuclear
HMGB1, DNA damage, and DDR in failing and normal
human hearts. Immunofluorescence demonstrated
that nuclear HMGB1 expression was significantly
decreased and p-ATM expression was significantly
increased in failing hearts compared with that of
normal hearts (Figures 1A to 1C). g-H2AX is known as
an early and sensitive marker of DNA damage (27).
The expression of g-H2AX was also significantly
increased in failing hearts compared with those of
normal hearts (Supplemental Figures 1A to 1C). We
evaluated the relationship among cardiomyocyte
diameter, collagen volume fraction, serum BNP
levels, and nuclear HMGB1 expression levels. A sig-
nificant negative correlation was observed between
nuclear HMGB1 levels and MyD, CVF, and BNP levels
(Figures 1D to 1F).

THE PROTECTIVE EFFECT OF NUCLEAR HMGB1 ON

PATHOLOGICAL CARDIAC REMODELING INDUCED

BY ANG II. To investigate the potential role of
nuclear HMGB1 in pathological cardiac remodeling,
we subjected WT and HMGB1-Tg mice to Ang II

https://doi.org/10.1016/j.jacbts.2018.11.011


FIGURE 1 Nuclear HMGB1 and p-ATM Expression in Failing Human Heart

(A to C) Representative images and analysis of immunostaining of high-mobility group box 1 (HMGB1) (green), phosphorylation of ataxia telangiectasia mutated

(p-ATM) (red), and DAPI (blue) in normal human hearts and failing human hearts. The number of HMGB1- and p-ATM–positive cardiomyocytes (CMs) per field was

counted. Scale bars ¼ 20 mm. Results are presented as the mean � SE. (n ¼ 5 per group). *p < 0.05; ***p < 0.001. (D to F) Negative correlation between nuclear

HMGB1-positive CM and cardiomyocyte diameter (MyD), collagen volume fraction (CVF), or serum brain natriuretic peptide (BNP) levels (n ¼ 32).
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infusion for 2 weeks. After Ang II infusion, WT mice
exhibited significant increases in the IVSd and PWd,
whereas HMGB1-Tg mice showed a reduction in
hypertrophic changes. There were no significant dif-
ferences in the LVDd, LVDs, and FS between WT and
HMGB1-Tg mice. The E/A ratio was significantly
decreased in WT mice after Ang II infusion whereas
the E/A ratio of HMGB1-Tg mice was attenuated
(Table 1, Supplemental Figure 2).

There was no significant difference in blood pres-
sure after Ang II infusion between WT and HMGB1-Tg
mice (Table 2). Histological analysis with hematoxylin
and eosin staining revealed that the cardiomyocyte
hypertrophy induced by Ang II was significantly
attenuated in the HMGB1-Tg mice compared with that
of the WT mice (Figures 2A and 2B). Ang II infusion
also resulted in an increase in the heart weight to
tibial length (HW/TL) ratio in WT mice, whereas
the increase in the HW/TL ratio was suppressed in
HMGB1-Tg mice (Figure 2C). Masson’s trichrome
staining also demonstrated that HMGB1-Tg mice
showed less fibrosis after Ang II infusion compared
with that of WT mice (Figures 2D and 2E). These
results suggest that cardiac nuclear HMGB1 protects
against Ang II–induced pathological cardiac
remodeling.
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TABLE 1 Echocardiographic Data of WT and HMGB1-Tg Mice Following

Saline or Ang II Infusion

WT Saline
(n ¼ 10)

WT Ang II
(n ¼ 10)

HMGB1-Tg Saline
(n ¼ 6)

HMGB1-Tg Ang II
(n ¼ 6)

LVDd, mm 3.43 � 0.11 3.35 � 0.11 3.43 � 0.11 3.47 � 0.11

LVDs, mm 1.82 � 0.08 1.86 � 0.08 1.86 � 0.08 1.89 � 0.08

IVSd, mm 0.61 � 0.03 1.03 � 0.03* 0.66 � 0.03 0.72 � 0.03†

PWd, mm 0.71 � 0.03 1.02 � 0.03* 0.71 � 0.03 0.77 � 0.03†

FS, % 47.0 � 1.4 43.7 � 1.4 45.8 � 1.4 45.8 � 1.4

E/A ratio 1.85 � 0.05 1.11 � 0.05* 1.80 � 0.06 1.47 � 0.06†‡

Values are mean � SE. *p < 0.001 versus WT saline mice. †p < 0.001 versus WT Ang II mice.
‡p < 0.01 versus HMGB1-Tg saline mice.

Ang II ¼ angiotensin II; E/A ratio ¼ ratio of early to atrial wave; FS ¼ fractional shortening;
MGB1-Tg ¼ cardiac-specific high-mobility group box 1 overexpression transgenic mice;
IVSd ¼ interventricular septum diameter; LVDd ¼ left ventricular diastolic dimension; LVDs ¼ left
ventricular systolic dimension; PWd ¼ posterior wall diameter; HWT ¼ wild-type mice.

TABLE 2

or Ang II

BW, g

Hemodyna

HR, bea

SBP, mm

DBP, m

MBP, m

Values are m
mice. ‡p <

BW ¼ bo
pressure; SB
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THE PROTECTIVE EFFECT OF CARDIAC NUCLEAR

HMGB1 ON DNA DAMAGE AND DDR IN VIVO. We
next examined whether cardiac nuclear HMGB1
overexpression prevents DNA damage and DDR
in vivo. Immunofluorescence revealed that nuclear
g-H2AX-positive cardiomyocytes was increased in WT
mice, whereas HMGB1-Tg mice showed attenuated
g-H2AX expression after Ang II infusion (Figures 3A
and 3B). Western blot analysis also showed that
decreased g-H2AX expression was observed in
HMGB1-Tg mice compared with that of WT mice after
Ang II infusion (Figures 3C and 3D). Ang II infusion
resulted in a significant increase in the p-ATM posi-
tive cardiomyocytes in WT mice, whereas HMGB1-Tg
mice showed less p-ATM positive cardiomyocytes
(Figures 3E and 3F). Western blot analysis showed that
p-ATM was significantly lower in HMGB1-Tg mice
compared with that of WT mice after Ang II infusion
(Figures 3G and 3H). These data suggest that cardiac
nuclear HMGB1 protects against Ang II–induced DNA
damage and DDR.
Hemodynamic Data of WT and HMGB1-Tg Mice Following Saline

Infusion

WT Saline
(n ¼ 14)

WT Ang II
(n ¼ 10)

HMGB1-Tg
Saline (n ¼ 15)

HMGB1-Tg
Ang II (n ¼ 10)

25.7 � 0.6 27.1 � 0.6 26.3 � 0.6 26.8 � 0.6

mic parameter

ts/min 608 � 17 612 � 20 586 � 16 615 � 20

Hg 92 � 3.3 142 � 3.9* 95 � 3.2 138 � 3.9†

m Hg 36 � 5.7 95 � 6.8‡ 32 � 5.5 69 � 6.7†

m Hg 55 � 4.6 111 � 5.5* 51 � 4.5 92 � 5.5†

ean � SE. *p < 0.001 versus WT saline mice. †p < 0.001 versus HMGB1-Tg saline
0.01versus WT saline mice.

dy weight; DBP ¼ diastolic blood pressure; HR ¼ heart rate; MBP ¼ mean blood
P ¼ systolic blood pressure; other abbreviations as in Table 1.
IMPACT OF NUCLEAR HMGB1 ON HYPERTROPHIC

RESPONSE INDUCED BY ANG II IN VITRO. We
examined the effect of HMGB1 on the hypertrophic
response in cultured NRCMs. Immunostaining of
NRCMs for a-actinin indicated that HMGB1 over-
expression significantly attenuated the increase in
cardiomyocyte hypertrophy induced by Ang II
(Supplemental Figures 3A and 3B). In contrast, HMGB1
knockdown promoted the hypertrophic growth of
cardiomyocytes in response to Ang II (Supplemental
Figures 3C and 3D). These data indicated that car-
diac nuclear HMGB1 prevents cardiomyocyte hyper-
trophy in response to Ang II stimulation.

THE PROTECTIVE EFFECT OF CARDIAC NUCLEAR

HMGB1 ON DNA DAMAGE AND DDR IN VITRO. We
determined whether HMGB1 regulates DNA damage
and the DDR in NRCMs after Ang II stimulation.
Bimodal upregulation of p-ATM and g-H2AX were
observed 2 and 24 h after Ang II stimulation in
NRCMs. In contrast, nuclear HMGB1 expression was
decreased 1 and 24 h after Ang II stimulation in
NRCMs (Supplemental Figure 4). HMGB1 over-
expression resulted in a significant decrease in the
number of nuclear g-H2AX foci (Figures 4A and 4B).
Western blot analysis showed that g-H2AX expression
was attenuated in HMGB1 overexpression NRCMs
(Figures 4C and 4D). HMGB1 overexpression also
decreased the number of nuclear p-ATM foci induced
by Ang II stimulation (Figures 4E and 4F). Western
blot analysis demonstrated that p-ATM was also
attenuated in HMGB1 overexpression NRCMs
(Figures 4G and 4H).

In contrast, HMGB1 knockdown significantly
increased the number of nuclear g-H2AX foci in NRCMs
after Ang II stimulation (Figures 5A and 5B). Western
blot analysis also revealed that g-H2AX expressionwas
further enhanced in HMGB1 knockdown NRCMs after
Ang II stimulation (Figures 5C and 5D). HMGB1 knock-
down significantly increased the number of nuclear p-
ATM foci in NRCMs (Figures 5E and 5F), and p-ATM
expression was enhanced in HMGB1 knockdown
NRCMs after Ang II stimulation (Figures 5G and 5H).
These data suggested that nuclear HMGB1 regulates
Ang II–induced DNA damage and the DDR in vitro.

THE IMPACT OF HMGB1 AND ATM ON ANG II–INDUCED

CARDIAC HYPERTROPHIC RESPONSE.To investigate
further mechanisms by which HMGB1 and DDR are
involved in Ang II–induced hypertrophic response,
the association between HMGB1 and ATM was
examined by immunoprecipitation experiments.
Immunoprecipitation revealed a potential interaction
between HMGB1 and ATM in NRCMs
(Supplemental Figures 5A and 5B). In addition, Ang II
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FIGURE 2 Cardiac Nuclear HMGB1 Protects Mice Against Ang II–Induced Cardiac Remodeling

(A, B) Representative images and analysis of CM cross-sectional area from hematoxylin and eosin (H&E)–stained left ventricular sections in wild-type (WT) and HMGB1

transgenic (HMGB1-Tg) mice following saline or angiotensin II (Ang II) infusion. Scale bars ¼ 20 mm. (n ¼ 6 per group). (C) The ratio of heart weight to tibial length

(HW/TL) in WT and HMGB1-Tg mice following saline or Ang II infusion (n ¼ 10 per group). (D, E) Representative images and analysis of cardiac fibrosis area by Masson’s

trichrome staining in left ventricular sections in WT and HMGB1-Tg mice following saline or Ang II infusion. Scale bars ¼ 50 mm. n ¼ 5 in WT saline group; n ¼ 4 in WT

Ang II group; n ¼ 5 in HMGB1-Tg saline group; n ¼ 5 in HMGB1-Tg Ang II group. Results are presented as the mean � SE. **p < 0.01; ***p < 0.001. Abbreviations as

in Figure 1.
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stimulation decreased the interaction between
HMGB1 and ATM (Supplemental Figure 5C).

Next, we analyzed the effect of HMGB1 on activation
of the hypertrophic signaling pathway. HMGB1 over-
expression significantly attenuated the phosphoryla-
tion of ERK1/2 and nuclear factor kappa B (NF-kB)
induced by Ang II in NRCMs (Figures 6A and 6B).
HMGB1 knockdown exhibited enhanced Ang II medi-
ated activation of the ERK1/2 and NF-kB pathway
(Figures 6C and 6D). We examined the effect of ATM on
hypertrophic signaling kinases in NRCMs using a spe-
cific ATM inhibitor KU55933. Ang II–induced phos-
phorylation of ERK1/2 and NF-kB was reduced by
treatment with an ATM inhibitor in NRCMs
(Supplemental Figures 6A and 6B). Furthermore, the
enhanced phosphorylation of ERK1/2 and NF-kB by
Ang II stimulation in HMGB1 knockdown NRCMs was
suppressed by treatment with an ATM inhibitor
(Figure 6E). We also evaluated the impact of nuclear
HMGB1 and ATM on fetal cardiac gene expression.
Atrial natriuretic peptide (ANP) and BNP promoter
activities were increased by Ang II stimulation in vitro
(Supplemental Figures 7A and 7B). HMGB1 knockdown
exhibited enhanced ANP and BNP promoter activities
induced by Ang II, which was abolished after pre-
treatment with ATM inhibitor (Figures 6F and 6G).
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FIGURE 3 Cardiac Nuclear HMGB1 Prevents Ang II–Induced DNA Damage and the DDR in Mice

(A, B) Representative images and analysis of immunostaining of g-H2AX (green), a-actinin (red), and DAPI (blue) in saline- or Ang II–treated WT and HMGB1-Tg mice.

The number of g-H2AX–positive CMs per field was counted. Scale bars ¼ 50 mm. n ¼ 6 in WT saline group; n ¼ 6 in WT Ang II group; n ¼ 6 in HMGB1-Tg saline group;

n ¼ 4 in HMGB1-Tg Ang II group. (C, D) Representative images and analysis of Western blots of g-H2AX and b-tubulin from hearts of WT and HMGB1-Tg mice following

saline or Ang II infusion (n ¼ 5 per group). (E, F) Representative images and analysis of immunostaining of p-ATM (red), a-actinin (green), and DAPI (blue) in saline- or

Ang II–treated WT and HMGB1-Tg mice. The number of p-ATM–positive CMs per field was counted. Scale bars ¼ 50 mm. n ¼ 6 in WT saline group; n ¼ 7 in WT Ang II

group; n ¼ 5 in HMGB1-Tg saline group; n ¼ 6 in HMGB1-Tg Ang II group. (G, H) Representative images and analysis of Western blots of p-ATM and total ATM from

hearts of WT and HMGB1-Tg mice following saline or Ang II infusion (n ¼ 6 per group). Results are presented as the mean � SE. *p < 0.05; **p < 0.01; ***p < 0.001.

DDR ¼ deoxyribonucleic acid damage response; DNA ¼ deoxyribonucleic acid; Other abbreviations as in Figures 1 and 2.
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These results suggest that HMGB1 regulates Ang II–
induced cardiac hypertrophy through inhibiting ATM
activity.
THE CARDIOPROTECTIVE EFFECT OF PHARMACOLOGICAL

ATM INHIBITION FOR ANG II–INDUCED PATHOLOGICAL

CARDIAC REMODELING. To evaluate the therapeutic
potential of ATM inhibitor, we treated WT and
HMGB1-Tg mice with either ATM inhibitor or vehicle
after Ang II infusion for 2 weeks (Figure 7A). Phar-
macological ATM inhibition demonstrated car-
dioprotective effect in WT mice and also provided
synergic cardioprotective effect in HMGB1-Tg mice
for Ang II–induced pathological cardiac remodeling.
WT and HMGB1 mice treated with the ATM inhibitor
exhibited significant decrease in the IVSd and PWd
compared with that of WT and HMGB1-Tg mice
treated with vehicle after Ang II infusion. Pharmaco-
logical ATM inhibition did not alter the LVDd,
whereas the FS was slightly improved in WT mice
with ATM inhibitor. The E/A ratio was significantly
improved when WT and HMGB1-Tg mice were treated
with the ATM inhibitor after Ang II infusion compared
with that of WT and HMGB1-Tg mice treated with
vehicle after Ang II infusion (Table 3, Supplemental
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FIGURE 4 Effect of HMGB1 Overexpression on DNA Damage and DDR After Ang II Stimulation

(A, B) Representative images and analysis of immunostaining of nuclear foci of g-H2AX (green), a-actinin (red), and DAPI (blue) of neonatal rat CMs (NRCMs)

transfected with pcDNA-HMGB1 or control vector and then treated with saline or Ang II for 24 h. The foci number of g-H2AX per NRCM was counted. Scale bars ¼ 20

mm. n ¼ 6 per group. (C, D) Representative images and analysis of Western blots of g-H2AX. NRCMs transfected with pcDNA-HMGB1 or control saline and then treated

with vehicle or Ang II for 24 h (n ¼ 5 per group). (E, F) Representative images and analysis of immunostaining of nuclear foci of p-ATM (red), a-actinin (green), and

DAPI (blue) of NRCMs transfected with pcDNA-HMGB1 or control vector and then treated with saline or Ang II for 24 h. The foci number of p-ATM per NRCM was

counted. Scale bars ¼ 20 mm. n ¼ 5 in control vector saline group; n ¼ 5 in control vector Ang II group; n ¼ 4 in pcDNA-HMGB1 saline group; n ¼ 5 in pcDNA-HMGB1

Ang II group. (G, H) Representative images and analysis of Western blots of p-ATM and total ATM. NRCMs transfected with pcDNA-HMGB1 or control vector and then

treated with saline or Ang II for 24 h (n ¼ 4 per group). **p < 0.01; ***p < 0.001. Abbreviations as in Figures 1–3.
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Figure 8). WT and HMGB1-Tg mice treated with the
ATM inhibitor showed a lower HW/TL ratio than WT
and HMGB1-Tg mice treated with vehicle after Ang II
infusion (Figure 7B). ATM inhibitor treatment
provided no significant effect on blood pressure
(Table 4). Histological analysis demonstrated that
both Ang II–induced cardiomyocyte hypertrophy and
fibrosis were significantly attenuated when WT and
HMGB1-Tg mice were treated with the ATM inhibitor
after Ang II infusion compared with that of WT and
HMGB1-Tg mice treated with vehicle after Ang II
infusion (Figures 7C to 7E). These results suggest that
pharmacological ATM inhibition preserves cardiac
function and reduces cardiac hypertrophy and
fibrosis after Ang II infusion.
DISCUSSION

Our study shows that nuclear HMGB1 expression
was decreased and phosphorylation of ATM was
increased in the failing human heart. Decreased nu-
clear HMGB1 expression in failing human hearts was
associated with cardiomyocyte hypertrophy, fibrosis,
and high serum BNP levels. Both in vivo and in vitro
studies revealed that cardiac nuclear HMGB1 pre-
vented Ang II–induced pathological cardiac hyper-
trophy through inhibition of the DDR pathway.
Mechanistically, cardiac nuclear HMGB1 inhibited
phosphorylation of ATM and subsequent activation
of ERK 1/2 and NF-kB signaling. Moreover, a specific
ATM inhibitor, KU55933, prevented Ang II–induced
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FIGURE 5 Effect of HMGB1 Suppression on DNA Damage and DDR After Ang II Stimulation

(A, B) Representative images and analysis of immunostaining of nuclear foci of g-H2AX (green), a-actinin (red), and DAPI (blue) of NRCMs transfected with small

interfering HMGB1 (siHMGB1) or nonspecific control small interfering ribonucleic acid (siRNA) and then treated with saline or Ang II for 24 h. The foci number of

g-H2AX per NRCM was counted. Scale bars ¼ 20 mm. n ¼ 6 in scramble saline group; n ¼ 6 in scramble Ang II group; n ¼ 5 in siHMGB1 saline group; n ¼ 6 in siHMGB1

Ang II group. (C, D) Representative images and analysis of Western blots of g-H2AX. NRCMs transfected with siHMGB1 or nonspecific control siRNA and then treated

with saline or Ang II for 24 h (n ¼ 6 per group). (E, F) Representative images and analysis of immunostaining of nuclear foci of p-ATM (red), a-actinin (green), and

DAPI (blue) of NRCMs transfected with siHMGB1 or nonspecific control siRNA and then treated with saline or Ang II for 24 h. The foci number of p-ATM per NRCM was

counted. Scale bars ¼ 20 mm. n ¼ 5 in scramble saline group; n ¼ 4 in scramble Ang II group; n ¼ 5 in siHMGB1 saline group; n ¼ 4 in siHMGB1 Ang II group. (G, H)

Representative images and analysis of Western blots of p-ATM and total ATM. NRCMs transfected with siHMGB1 or nonspecific control siRNA and then treated with

saline or Ang II for 24 h (n ¼ 3 per group). Results are presented as the mean � SE. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations as in Figures 1–4.
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pathological cardiac remodeling. These results pro-
vide new insight into the pathogenesis of cardiac
remodeling and therapeutic potential of HMGB1-DDR
axis.

In the present study, we showed that cardiac nu-
clear HMGB1 plays a protective role in Ang II–induced
cardiac hypertrophy, suggesting that cardiac nuclear
HMGB1 is one of the key regulator of pathological
cardiac remodeling. HMGB1 is a nonhistone nuclear
protein and a member of the HMG protein super-
families. HMGB1 is the most abundant HMG protein
and has multiple functions both inside and outside of
the cell. Extracellular HMGB1 acts as a DAMP, which
causes various inflammatory and immune responses
(28). Extracellular HMGB1 causes cardiac hypertro-
phy and worsens ischemia or reperfusion injury,
myocardial inflammation, and fibrosis (11–13). Thus,
several studies have demonstrated the role of extra-
cellular HMGB1 in cardiac remodeling. However, the
role of intracellular HMGB1, especially nuclear
HMGB1, in cardiac remodeling is poorly defined. We
previously reported that cardiac nuclear HMGB1
protected against pressure overload induced heart
failure and doxorubicin-induced cardiomyopathy
(17,25). The protective roles of nuclear HMGB1 are
further supported by the findings that ablation of
nuclear HMGB1 worsens acute pancreatitis, liver
ischemia and reperfusion injury, and bacterial
infection (14,15,29). Consistent with these studies,
our results show the cardioprotective role of cardiac
nuclear HMGB1 on pathological cardiac hypertrophy
and fibrosis.



FIGURE 6 Effect of HMGB1 and ATM on Cardiac Hypertrophic Signaling

(A, B) Representative images and analysis Western blots of phospho-extracellular signal-related kinase 1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), phospho-nuclear factor

kappa B (p-NF-kB), and total NF-kB (t-NF-kB) from NRCMs transfected with pcDNA-HMGB1 or control vector and then treated with saline or Ang II for 4 h (n ¼ 6 per

group). (C, D) Representative images and analysis of Western blots of p-ERK1/2, t-ERK1/2, p-NF-kB, and t-NF-kB from NRCMs transfected with siHMGB1 or nonspecific

control siRNA and then treated with saline or Ang II for 4 h (n ¼ 6 per group). (E) Representative Western blots of p-ERK1/2, t-ERK1/2, p-NF-kB, and t-NF-kB. NRCMs

transfected with siHMGB1 or nonspecific control siRNA were pretreated with an ATM inhibitor (KU55933) or dimethyl sulfoxide (DMSO) for 1 h before Ang II

stimulation, and then stimulated with saline or Ang II for 4 h. (F, G) Quantification of atrial natriuretic peptide (ANP) and BNP promoter activities. Rat H9C2 cells were

pretreated with an ATM inhibitor (KU55933) or DMSO for 1 h before Ang II stimulation, and then stimulated with saline or Ang II for 24 h (n ¼ 6 per group). Results are

presented as the mean � SE. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations as in Figures 1 to 5.
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The present study showed that cardiac nuclear
HMGB1 prevented cardiomyocytes against DNA
damage and following DDR activation because
HMGB1 prevented upregulation of g-H2AX, a specific
marker of DNA damage, and p-ATM. Intracellular
HMGB1 has various functions such as DNA chaperone,
DNA repair, chromosome guardian, autophagy sus-
tainer, and protector from apoptotic cell death. Loss
of nuclear HMGB1 caused decreased chromatin
accessibility to repair DNA damage, resulted in nu-
clear catastrophe, and subsequent cell death (14,15).
These studies indicate the role of nuclear HMGB1 as a
defender against cellular DNA damage in several
disease conditions. In the heart, significantly more
DNA damage was observed in heart failure patients
compared with that of normal-health control subjects
(19). In the experimental model, DNA damage was
also observed in a mouse model of myocardial
infarction, which was associated with cell apoptosis
(30). Excessive DNA damage causes phosphorylation
of ATM, a key regulator of DDR, and contributes to
several disease conditions, including heart failure.



FIGURE 7 Cardioprotective Effect of the ATM Inhibitor on Ang II–Induced Pathological Cardiac Remodeling

(A) Timeline of Ang II infusion and ATM inhibitor (KU55933) or vehicle administration in mice. (B) The ratio of HW/TL in WT and HMGB1-Tg mice subjected to Ang II

infusion and vehicle or ATM inhibitor (KU55933) treatment (n ¼ 8 in WT vehicle group; n ¼ 8 in WT Ang II þ vehicle group; n ¼ 6 in HMGB1-Tg Ang II þ vehicle group;

n ¼ 6 in WT Ang II þ KU55933 group; n ¼ 6 in HMGB1-Tg Ang II þ KU55933 group). (C) Analysis of CM cross-sectional area by H&E staining in left ventricular sections in

WT and HMGB1-Tg mice subjected to Ang II infusion and vehicle or ATM inhibitor (KU55933) treatment (n ¼ 10 in WT vehicle group; n ¼ 10 in WT Ang II þ vehicle

group; n ¼ 9 in HMGB1-Tg Ang II þ vehicle group; n ¼ 7 in WT Ang II þ KU55933 group; n ¼ 9 in HMGB1-Tg Ang II þ KU55933 group). (D) Analysis of cardiac fibrosis

by Masson’s trichrome staining in left ventricular sections in WT and HMGB1-Tg mice subjected to Ang II infusion and vehicle or ATM inhibitor (KU55933) treatment

(n ¼ 6 per group). (E) Representative images of CM cross-sectional area by H&E staining (Scale bars ¼ 20 mm) and cardiac fibrosis by Masson’s trichrome staining (Scale

bars ¼ 50 mm) in left ventricular sections in WT and HMGB1-Tg mice subjected to Ang II infusion and vehicle or ATM inhibitor (KU55933) treatment. Results are

presented as the mean � SE. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations as in Figures 1 to 6.

TABLE 3 Echocardiographic Data of WT and HMGB1-Tg Mice Subjected to Ang II Infusion

and Vehicle or ATMi Treatment

WT
Vehicle
(n ¼ 9)

WT
Ang II þ Vehicle

(n ¼ 10)

HMGB1-Tg
Ang II þ Vehicle

(n ¼ 6)

WT
Ang II þ ATMi

(n ¼ 6)

HMGB1-Tg
Ang II þ ATMi

(n ¼ 6)

LVDd, mm 3.15 � 0.15 3.04 � 0.14 3.36 � 0.18 2.96 � 0.18 3.32 � 0.18

LVDs, mm 1.63 � 0.11 1.76 � 0.10 1.89 � 0.13 1.40 � 0.13 1.72 � 0.13

IVSd, mm 0.74 � 0.03 1.04 � 0.03* 0.85 � 0.04† 0.80 � 0.04‡ 0.70 � 0.05‡

PWd, mm 0.76 � 0.03 1.00 � 0.03* 0.88 � 0.04 0.80 � 0.04† 0.75 � 0.04‡

FS, % 48.6 � 1.6 42.5 � 1.5 43.2 � 2.0 52.3 � 2.0† 48.6 � 2.0

E/A ratio 1.84 � 0.06 1.13 � 0.06* 1.41 � 0.07§ 1.68 � 0.07‡ 2.02 � 0.07‡

Values are mean � SE. *p < 0.001 versus WT vehicle mice. †p < 0.01versus WT Ang II mice. ‡p < 0.001 versus
WT Ang II mice. §p < 0.05versus WT Ang II mice.

ATMi ¼ ataxia telangiectasia mutated inhibitor; other abbreviations as in Table 1.
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Phosphorylation of ATM was increased in end-stage
failing human hearts, and prolonged mechanical
unload by left ventricular assist device implantation
decreased the expression of p-ATM in car-
diomyocytes, which was associated with a reduction
of cardiomyocyte cell size (31). In addition, a recent
study demonstrated that DNA damage–induced ATM
activation caused pressure overload induced heart
failure in mice. Activation of ATM caused increases in
inflammatory cytokines thorough NF-kB signaling.
Those effects were rescued by ATM deletion, and the
ATM deletion prevented heart failure progression in
mice, suggesting a causative role for ATM in heart
failure (32). These studies support the crucial role of



TABLE 4 Hemodynamic Data of WT and HMGB1-Tg Mice Subjected to Ang II Infusion and

Vehicle or ATMi Treatment

WT
Vehicle
(n ¼ 15)

WT
Ang II þ Vehicle

(n ¼ 12)

HMGB1-Tg
Ang II þ Vehicle

(n ¼ 11)

WT
Ang II þ ATMi

(n ¼ 14)

HMGB1-Tg
Ang II þ ATMi

(n ¼ 9)

BW, g 26.4 � 0.7 26.9 � 0.7 25.9 � 0.9 25.9 � 0.7 24.8 � 0.9

Hemodynamic
parameter

HR, beats/min 601 � 20 582 � 23 600 � 24 619 � 21 573 � 26

SBP, mm Hg 93 � 5 138 � 6* 141 � 6* 138 � 5* 147 � 6*

DBP, mm Hg 39 � 7 87 � 8* 71 � 8† 71 � 7‡ 81 � 9‡

MBP, mm Hg 57 � 6 104 � 7* 94 � 7‡ 93 � 6‡ 99 � 8‡

Values are mean � SE. *p < 0.001 versus WT vehicle mice. †p < 0.05 versus WT vehicle mice. ‡p < 0.01 versus
WT vehicle mice.

Abbreviations as in Tables 1 to 3.
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ATM in cardiac hypertrophy. Our study also demon-
strated that HMGB1 interacts with ATM, and Ang II
stimulation weakened the interaction and subse-
quent ATM activation. These results suggest that
ATM activation was mediated, at least in part, by
HMGB1. Thus, ATM is one of the important target
molecules of HMGB1 in pathological cardiac
hypertrophy.

ATM has crucial roles in the development of
pathological cardiac remodeling. However, it remains
unclear whether pharmacological ATM inhibition
protects against pathological cardiac remodeling. In
the present study, we demonstrated for the first time
that ATM inhibitor treatment offered a synergic car-
dioprotective effect in WT and HMGB1-Tg mice
against Ang II–induced cardiac hypertrophy and
fibrosis. In addition, ATM inhibitor treatment sup-
pressed Ang II–induced ANP and BNP activation and
phosphorylation of ERK1/2 and NF-kB in vitro.
KU55933 is a potent and selective inhibitor of ATM
and is developed as an anticancer therapy (33). In
addition to being an anticancer therapy, KU55933
provided protective effect against oxidative damage,
inflammation, and senescence (34,35). Furthermore,
KU55933 attenuated doxorubicin-induced cardiac
dysfunction (36). Several studies demonstrated that
ERK1/2 is involved in pathological cardiomyocyte
hypertrophy (37,38). DNA damage causes ATM
dependent NF-kB activation, and NF-kB activation is
reported to be associated with pathological cardiac
remodeling (39,40). Our results indicate that ATM
inhibition prevented Ang II–induced pathological
cardiac remodeling by targeting ERK1/2 and NF-kB
pathways. In the present study, KU55933 provides the
synergistic cardioprotective effect for Ang II–induced
pathological cardiac remodeling in HMGB1-Tg mice.
This cardioprotective effect of KU55933 in HMGB1-Tg
mice might be contributed to that DNA damage was
also mediated by other mechanisms in addition to
nuclear HMGB1 (30,41–44). The present study
demonstrated for the first time, the involvement of
the HMGB1-ATM axis in pathological cardiac remod-
eling, and provided potential therapeutic efficacy of
targeting DDR inhibition.

STUDY LIMITATIONS. First, we did not evaluate the
effect of loss of cardiac nuclear HMGB1 on patholog-
ical cardiac remodeling in vivo, although we evalu-
ated those effect in vitro using siHMGB1. A previous
study showed that specific deletion of HMGB1 in
cardiomyocytes did not affect cardiac function at
baseline (45). However, the effect of cardiomyocyte
specific HMGB1 deletion under stress conditions is
still unclear. Second, our study could not rule out the
possible protective effect of ATM inhibitor KU55933
on other cell types in vivo, although we confirmed
the cardiomyocyte-specific protective effect of
KU55933 in vitro. A previous study revealed that
fibroblast-specific ATM knockout mice attenuated
doxorubicin-induced cardiotoxicity (36). Third, we
have not evaluated the effect of extracellular HMGB1
in both in vivo and in vitro studies. Because extra-
cellular HMGB1 acts as DAMPs and affects reparative
immune responses (9,10), extracellular HMGB1 may
influence Ang II–induced pathological cardiac
remodeling.

CONCLUSIONS

Our study documents a novel mechanism by which
cardiac nuclear HMGB1 attenuates Ang II–induced
pathological cardiac remodeling through inhibition
of ATM activation. Furthermore, targeting DDR
treatment by using a novel selective ATM inhibitor
KU55933 prevents Ang II–induced pathological car-
diac remodeling. This work provides further evidence
of critical role of cardiac nuclear HMGB1 in the
development of pathological cardiac remodeling, and
possibly the development of novel therapeutics for
heart failure treatment.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Cardiac nuclear-specific HMGB1 overexpression in

cardiomyocytes reduces left ventricular hypertrophy and

remodeling after Ang II stimulation. Cardiac nuclear

HMGB1 prevents cardiomyocyte DDR, which is associated

with developing heart failure.

TRANSLATIONAL OUTLOOK: Further research is

needed to explore the therapeutic potential of nuclear

HMGB1 and DDR axis for patients with heart failure.
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EDITORIAL COMMENT
Nuclear Hmgb1
The Fix for the Failing Heart*
Angela Raucci, PHD,a Maurizio C. Capogrossi, MDb,c
H eart failure (HF) represents the final com-
mon pathway of different forms of heart
disease, it affects patients across a broad

age range, and its prevalence increases dramatically
in the elderly population. Cardiomyocyte hypertro-
phy and cardiac fibrosis are hallmarks of HF (1). The
mechanisms underlying the development and pro-
gression of different forms of HF remain an area of
active investigation. The paper by Takahashi et al.
(2) in this issue of JACC: Basic to Translational Science
provides novel insights on the effect of high-mobility
group box 1 protein (HMGB1) on deoxyribonucleic
acid (DNA) damage response (DDR) in a mouse model
of HF induced by chronic infusion of angiotensin II
(Ang II).
SEE PAGE 234
DNA damage is induced by several insults, and
DDR, which consists of a sophisticated network of
signaling pathways involving cell cycle checkpoints,
the DNA repair machinery, and transcriptional pro-
grams, is activated to restore the altered DNA and
avoid genotoxic stress (3). The ataxia telangiectasia–
ISSN 2452-302X

*Editorials published in JACC: Basic to Translational Science reflect the

views of the authors and do not necessarily represent the views of JACC:

Basic to Translational Science or the American College of Cardiology.

From the aUnit of Experimental Cardio-Oncology and Cardiovascular

Aging, Centro Cardiologico Monzino-IRCCS, Milan, Italy; bDivision of

Cardiology, Johns Hopkins Bayview Medical Center, Baltimore,

Maryland; and the cLaboratory of Cardiovascular Science, National

Institute on Aging, National Institutes of Health, Baltimore, Maryland.

This work was supported by Fondazione Cariplo (Research on Ageing

diseases-2015) and Centro Cardiologico Monzino-IRCCS (Ricerca Corrente

2019) to Dr. Raucci. Dr. Capogrossib has reported that he has no re-

lationships relevant to the contents of this paper to disclose.

All authors attest they are in compliance with human studies committees

and animal welfare regulations of the authors’ institutions and Food and

Drug Administration guidelines, including patient consent where

appropriate. For more information, visit the JACC: Basic to Translational

Science author instructions page.
mutated (ATM) kinase is 1 of the best-characterized
DDR transducers, able to phosphorylate multiple
DDR mediators, including the histone variant H2AX
and the tumor suppressor p53, necessary to stop cell
cycle and repair the DNA (4). If the repair fails,
cells undergo apoptosis or cell cycle arrest and
senescence (5).

DDR is observed also in post-mitotic cells such as
cardiomyocytes, and its prolonged activation pro-
motes apoptosis and detrimental cardiac remodeling
after myocardial infarction (6,7). Persistent DDR plays
a role in the pathogenesis of HF as well, and various
types of damage, including oxidative DNA damage
and DNA single- and double-strand breaks, have been
found in cardiomyocytes of patients with end-stage
HF and in the hearts of mice with cardiac hypertro-
phy induced by transverse aortic constriction or Ang
II infusion (7–9). Genetic reduction of ATM attenuates
left ventricular dysfunction and improves mortality
in mice that underwent transverse aortic constriction
by reducing nuclear factor-kB–mediated cardiac
inflammation (8). Cardiomyocyte-specific genetic
ablation or pharmacological inhibition of ATM re-
duces cardiac hypertrophy by preventing calcineurin
expression and eukaryotic translation initiation
factor 4E–binding protein 1 phosphorylation (9).

HMGB1 is a nonhistone chromatin protein involved
in transcription regulation, DNA replication and
repair, and nucleosome assembly (10–12). HMGB1 can
be passively released by damaged cells or actively
secreted by stressed immune cells and, once in the
extracellular environment, it acts as an endogenous
“alarmin” promoting inflammation or tissue repair
and regeneration (13). Exogenous HMGB1 reduces
cardiomyocyte contractility and induces hypertrophy
and apoptosis, stimulates cardiac fibroblast activity,
and cardiac stem cell proliferation and differentia-
tion. Inhibitors of extracellular HMGB1 exert a
protective function in experimental models of
https://doi.org/10.1016/j.jacbts.2019.03.008
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myocardial ischemia/reperfusion and in cardiomy-
opathies induced by mechanical stress, diabetes,
infection, or chemotherapeutic drugs, mainly by
reducing inflammation. In contrast, administration of
recombinant HMGB1 after myocardial infarction
induced by permanent coronary artery ligation
promotes cardiac regeneration and preserves left
ventricular function (14,15). Notably, mice over-
expressing HMGB1 in cardiomyocytes (HMGB1-Tg) are
protected from cardiac damage induced by myocar-
dial infarction, genotoxic drugs, and hypertrophic
stimuli, and maintenance of high levels of nuclear
HMGB1 inhibits cardiomyocyte apoptosis (16–18).
Thus, HMGB1 may play both beneficial and detri-
mental functions after a cardiac injury depending on
the specific experimental model and its subcellular
localization.

In the paper by Takahashi et al. (2), the authors
identify a previously unknown mechanism by which
nuclear HMGB1 prevents pathologic cardiac
hypertrophy. The study starts with the intriguing
observation that nuclear HMGB1 decreases and
phosphorylation of ATM (p-ATM) and g-H2AX
expression increase in failing human hearts.
Furthermore, nuclear HMGB1 levels in car-
diomyocytes inversely correlate with cell hypertro-
phy, cardiac fibrosis, and brain natriuretic peptide
serum levels. Lower HMGB1 content favors HF pro-
gression because preservation of high levels of nu-
clear HMGB1 in cardiomyocytes protects against
pathologic cardiac remodeling. Indeed, HMGB1-Tg
mice exhibit an attenuation of Ang II–mediated hy-
pertrophy and fibrosis along with a reduction of the
Ang II–induced increase in interventricular septum
diameter and posterior wall diameter, and decrease of
early to atrial wave ratio. Interestingly, the authors
show that HMGB1 prevents detrimental DDR activa-
tion in vivo because Ang II–treated hearts of HMGB1-
Tg mice exhibit lower levels of p-ATM and g-H2AX
compared with wild-type mice. Consistently, Ang II
reduces the expression of HMGB1 before inducing
p-ATM and g-H2AX activation in isolated neonatal rat
cardiomyocytes (NRCMs). In these cells, HMGB1
overexpression attenuates Ang II–mediated hyper-
trophic growth; in contrast, HMGB1 silencing
enhances p-ATM and g-H2AX activation.

The authors show (2) that HMGB1 interacts with
ATM in NRCMs and suggest that this interaction is an
important mechanism to prevent ATM phosphoryla-
tion in response to Ang II and subsequent activation of
the hypertrophic pathways ERK1/2 and nuclear factor-
kB. Future experiments will be required to address
whether this interaction also occurs in vivo. Moreover,
the study shows that ATM activation and activity is
not exclusively dependent on HMGB1 because a
synergistic cardioprotective effect is observed in
HMGB1-Tg animals treated with both Ang II and the
ATM inhibitor KU55933, confirming recently pub-
lished evidence that pharmacologic inhibition of ATM
prevents detrimental cardiac remodeling (9).

Overall, some open questions remain. First,
persistent DDR promotes cardiac inflammation (8),
and it needs to be addressed whether nuclear
HMGB1 modulates Ang II–induced inflammatory cells
recruitment and cytokines levels in vivo or NRCM
acquisition of an inflammatory phenotype in vitro.
Of note, previous studies have not characterized the
inflammatory response of HMGB1-Tg animals to a
cardiac insult (16–18). Second, the cross-talk between
nuclear and extracellular activities of HMGB1 is still
unexplored. Although Takahashi et al. (2) did not
measure circulating HMGB1 in wild-type and
HMGB1-Tg mice or in the supernatant of NRCMs af-
ter Ang II treatment, it is likely that the protein is
present in the extracellular environment because
hypertrophic stimuli are known to induce acetyla-
tion and nuclear translocation of HMGB1 in car-
diomyocytes (16). Third, it will be important to
assess whether extracellular HMGB1 induces DNA
damage accumulation or DDR exacerbation, thereby
contributing to heart remodeling. Last, nuclear
HMGB1 affects the DNA damage repair machinery by
modulating the interactions between repair enzymes
and damaged DNA (12). Hence, it will be interesting
to consider whether, in addition to targeting and
inhibiting ATM, nuclear HMGB1 directly protects the
DNA from the damage induced by detrimental hy-
pertrophic stimuli.

Regardless of the aforementioned limitations, the
study by Takahashi et al. (2) provides novel insights
into the mechanism whereby nuclear HMGB1 safe-
guards the heart from pathological remodeling and
supports recent findings that suppression of aberrant
DDR may became a novel therapeutic strategy against
HF development and progression. Thus, under-
standing how cardiomyocytes may preserve nuclear
HMGB1 to sustain efficient DDR after a cardiac insult
represents a potentially clinically relevant therapeu-
tic challenge.

ADDRESS FOR CORRESPONDENCE: Dr. Maurizio C.
Capogrossi, Division of Cardiology, Johns Hopkins
Bayview Medical Center, 4940 Eastern Avenue, Bal-
timore, Maryland 21224. E-mail: mcapogr1@jhu.edu.
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PRECLINICAL RESEARCH
Deletion of Sulfonylurea Receptor 2 in the
Adult Myocardium Enhances Cardiac
Glucose Uptake and Is Cardioprotective
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� In the heart, SUR2 couples with a

potassium channel to form an adenosine

triphosphate–sensitive complex that re-

sponds to the energy state of the cell.

� The authors deleted SUR2 in adult

cardiomyocytes and found a shift of the

heart toward glycolytic metabolism,

which is protective under cardiac stress.

� SUR2 was found to complex with glucose

transporter type 4, the major glucose

transporter.

� Drugs that antagonize the SUR2 receptor

may be cardioprotective and useful for

managing heart failure.
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The adult myocardium relies on oxidative metabolism. In ischemic myocardium, such as the embryonic heart,

glycolysis contributes more prominently as a fuel source. The sulfonylurea receptor 2 (SUR2) was previously

implicated in the normal myocardial transition from glycolytic to oxidative metabolism that occurs during

adaptation to postnatal life. This receptor was now selectively deleted in adult mouse myocardium resulting in

protection from ischemia reperfusion injury. SUR2-deleted cardiomyocytes had enhanced glucose uptake, and

SUR2 forms a complex with the major glucose transporter. These data identify the SUR2 receptor as a target

to shift cardiac metabolism to protect against myocardial injury. (J Am Coll Cardiol Basic Trans Science

2019;4:251–68) © 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology
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A denosine triphosphate–sensitive
potassium (KATP) channels respond
to intracellular adenosine diphos-

phate–ATP ratio (1–4). In excitable cells and
states where adenosine diphosphate is high,
KATP channels open, allowing potassium
efflux and cellular hyperpolarization. Corre-
spondingly, high-ATP states promote KATP

channel closure and cellular depolarization.

Changes in membrane potential trigger a cascade of
responses including the opening of voltage-sensitive
calcium channels accompanied by an increase in
intracellular calcium and shortening of the action po-
tential to make the heart energetically more efficient
(5,6). KATP channels contain 2 subunits, an inwardly
rectifying potassium ion channel (Kir) (Kir6.1 or
Kir6.2) and the sulfonylurea receptor (SUR1 or SUR2)
(7–10). SUR2-contaning KATP channels are enriched
in the heart, skeletal muscle, and vascular smooth
muscle, where they regulate a range of physiological
effects including cardiac stress response, blood pres-
sure, and vascular tone (2). The major ventricular car-
diomyocyte KATP channel is composed of SUR2 and
Kir6.2, encoded by ABCC9 and KCNJ11, respectively.
In the mouse, genetic deletion of Kir6.2 leads to cal-
cium overload and myocardial damage (5). Loss of
Kir6.2 also leads to enhanced myocardial damage in
the setting of hypertension and toxemia (11,12).
Taken together, these studies describe enhanced sus-
ceptibility to stress in the cardiomyocyte lacking the
Kir component of functional KATP channels.
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protection from ischemic insult in surviving animals
(15). SUR2 Ex14/18 mice were found to have reduced
infarct size after global ischemia compared with
normal mice, and therefore, protection from ischemia
occurred in the absence of SUR2-KATP channels.
We hypothesized that the continual vasospasm
present in these animals was sufficient to trigger a
preconditioned-like myocardium that was more
resistant to stress. An alternative hypothesis impli-
cated a smaller protein produced from the Abcc9
gene, called SUR2-55, as responsible for mediating
cardiac protection (16,17). SUR2-55 remained intact
hey have no relationships relevant to the contents of

and animal welfare regulations of the authors’ in-

nsent where appropriate. For more information, visit

er 24, 2018, accepted November 26, 2018.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.basictranslational.onlinejacc.org/content/instructions-authors


J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 2 , 2 0 1 9 Aubert et al.
A P R I L 2 0 1 9 : 2 5 1 – 6 8 SUR2 Deletion Is Cardioprotective

253
and readily detectable in SUR2-Ex14/18 mice. To
assess this hypothesis, we generated a distinct dele-
tion strategy for Abcc9 to ablate both full-length SUR2
and SUR2-55. This mouse model, SUR2-Ex5, died in
the neonatal window with cardiomyopathy, further
suggesting a critical role for SUR2-55 in cardiac
adaptation to postnatal life (18). We specifically found
that SUR2-Ex5 mice failed to normally transition from
glycolytic metabolism that is present in fetal
myocardium to the postnatal oxidative metabolic
state (18).

To address the role of SUR2 in the adult myocar-
dium, we generated adult mice with a conditional
ablation of Abcc9/SUR2 in the ventricular myocar-
dium. These mice, referred to as cardiac-deleted SUR2
mice, survive with a mild reduction in left ventricular
function. Cardiac-deleted SUR2 mice displayed pro-
tection from myocardial ischemia and augmented
cardiomyocyte glucose handling. We found that SUR2
interacts with glucose transporter 4 (GLUT4), the
major insulin-responsive glucose transporter in the
adult cardiomyocyte. Correspondingly, SUR2-deleted
cardiomyocytes had increased glycolysis. Taken
together, these data present a model in which a
myocardium favoring glucose metabolism may be
better able to survive episodes of ischemic insult.

METHODS

ANIMALS. Mice with LoxP sites flanking exon 5 (Fl
Ex5) of the Abcc9 gene were generated by homolo-
gous recombination in mouse embryonic stem cells
followed by transplantation into a pseudopregnant
female. Fl Ex5 mice were crossed with the aMHC-
MerCreMerþ mouse line (Jackson B6.FVB(129)-
A1cfTg(Myh6-cre/Esr1*)1Jmk/J) and maintained in a
hemizygous state (19). These mice were bred and
maintained on a C57BL/6J background. Animals were
bred at Northwestern University and a subset was
shipped to University of Wisconsin. Mice at both in-
stitutions were housed in environmentally controlled
conditions in a specific pathogen free facility. All
animals were housed and treated in accordance with
the standards set by the Animal Care and Use Com-
mittees at Northwestern University and the Univer-
sity of Wisconsin–Madison.

TAMOXIFEN TREATMENT. Eight-week-old mice were
treated via intraperitoneal injection with 50 ml of 50
mg/ml tamoxifen (T5648, Sigma-Aldrich, St. Louis,
Missouri) diluted in sterile sunflower seed oil (S5007,
Sigma-Aldrich) and passed through a 0.2-mm syringe
filter. Tamoxifen was administered for 4 consecutive
days to cause genomic recombination and deletion of
Abcc9 exon 5. Male and female mice were analyzed 2
to 4 weeks post-injection.

ECHOCARDIOGRAPHY. Cardiac function was
assessed by echocardiography conducted under
anesthesia (1% vaporized isoflurane in 100% O2, 0.8 l/
min). Echocardiography was performed using a Visual
Sonics Vevo 2100 imaging system with an MS550D 22-
to 55-MHz solid-state transducer (FujiFilm, Toronto,
Canada). Short-axis M-mode images were acquired
for analysis to provide heart chamber dimensions and
calculate percent fractional shortening. Acquisition
and analysis were conducted blinded to genotype.

TELEMETRY. Wireless cardiac TA11 ETA-F10 teleme-
ters (Data Science International, Minneapolis, Min-
nesota) were surgically implanted subcutaneously in
mice anesthetized with 3% vaporized isoflurane. The
mice were allowed to recover for 3 days before data
collection. Mice were housed individually and over-
night electrocardiography recording were taken from
30 min of data when all animals showed clean traces.
Mice were injected with 4 mg/kg isoproterenol
intraperitoneally in phosphate-buffered saline and
telemetric data was acquired for 30 min following the
injection. Electrocardiography interval data were
averaged for the duration of the recording with 1
average value reported per animal, as previously
described (20).

ISOPROTERENOL CHALLENGE. To provide an alter-
nate cardiac insult in vivo, we performed a chronic
high-dose isoproterenol challenge (200 mg/kg intra-
peritoneally) twice daily for 6 days. This protocol has
been shown to cause cardiomyocyte injury with
minimal hypertrophic remodeling and regeneration
(21). Animals were assessed for cardiac function with
echocardiography 1 day before and 2 days after
completion of the 6-day protocol, followed by sacri-
fice and tissue collection.

ISOLATED PERFUSED HEART ISCHEMIA AND

REPERFUSION EXPERIMENTS. Male mice were anes-
thetized with inhaled 3% isoflurane and then eutha-
nized with cervical dislocation. Hearts were rapidly
excised and placed in chilled heparinized modified
Krebs-Henseleit buffer (118-mMNaCl, 4.7-mMKCl, 1.2-
mM MgSO4, 1.2-mM KH2PO4, 25-mM NaHCO3, 2.5-
mMCaCl2, 0.5-mM ethylenediaminetetraacetic acid
[EDTA], and 5-mM glucose). Extracardiac tissue was
dissected and discarded while the aorta was located.
The aorta was then cannulated with the use of a 22-
gauge cannula. The cannula was secured in place
with 6-0 silk suture. Hearts were then perfused at a
constant pressure of 80 mm Hg on a homemade Lan-
gendorff apparatus with modified Krebs-Henseleit
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buffer that was equilibrated with 95% O2 and 5% CO2

at 37�C. The left atrium was then excised and a fluid-
filled balloon catheter constructed from a commer-
cially available kit (Harvard Apparatus, Holliston,
Massachusetts) was placed in the left ventricle. The
balloon catheter was attached to an APT300 pressure
transducer (Harvard Apparatus) and baseline left
ventricular pressure was set between 5 and 10 mm Hg.
Baseline cardiac function was recorded for 30 min.
Mice were then subjected to 2 IR injury protocols.
Protocol #1 subjected mice to 30 min of ischemia fol-
lowed by 60 of reperfusion and protocol #2 subjected
mice to 45 min of ischemia and 60 min of reperfusion.
Hearts were paced at 360 beats/min via epicardial
pacing leads with a Grass SD9 stimulator (Grass
Instruments, West Warwick, Rhode Island). Left
ventricular pressure was recorded throughout the
experimental protocol and analyzed using LabChart
Pro (ADInstruments, Colorado Springs, Colorado).
Upon completion of reperfusion, hearts were rapidly
removed from the Langendorff apparatus and
perfused with 30 mM of KCl solution to arrest the
hearts in diastole. Then the hearts were stained with
1% tetrazolium chloride solution for 10min. The hearts
were then sectioned into 7 to 8 slices. The sections
were placed in 10% formalin and photographed the
following day for the quantification of infarct size.
Percent recovery was calculated by normalizing each
time point against the baseline value. Hearts not
meeting quality control (spontaneous beating, exces-
sive baseline arrhythmias, or inability to develop a left
ventricular (LV) pressure of >60 mm Hg when not
paced) were removed (n ¼ 1 heart).
CARDIOMYOCYTE ISOLATION. Mice were treated
with 50 U heparin intraperitoneally 20 min before
sacrifice. Mice were anesthetized under 5% vaporized
isoflurane mixed with 100% oxygen. A thoracotomy
was performed and the heart and lungs rapidly excised
and submerged into ice-cold Tyrode solution without
calcium (143-mM NaCl, 2.5-mM KCl, 16-mM MgCl2, 11-
mM glucose, 25-mM NaHCO3, pH adjusted to 7.4). The
ascending aorta was dissected out of the surrounding
tissue and cannulated with an animal feeding needle
(7900, Cadence Science, Staunton, Virginia) and
secured with a 6-0 silk suture. The heart was initially
perfused with 1 ml of ice-cold calcium-free Tyrode
solution before being transferred to a Langendorff
apparatus (Radnoti, Covina, California). Hearts were
perfused with 37�C calcium-free Tyrode solution using
a constant pressure (65-cm vertical distance between
the buffer reservoir and cannula tip) for 1 to 2 min
before perfusion for 5.5 min with digestion solution
(0.15% collagenase type 2 [Worthington Biochemical,
Lakewood, New Jersey], 0.1% 2,3-butanedione
monoxime, 0.1% glucose, 100-U/ml penicillin/strep-
tomycin, 112-mM NaCl, 4.7-mM KCl, 0.6-mM KH2PO4,
40-mMCaCl2, 0.6-mMNa2HPO4, 1.2-mMMgSO4, 30-mM
phenol red, 21.4-mM NaHCO3, 10-mM HEPES, and 30-
mM taurine; pH adjusted to 7.4). The heart was
removed from the cannula, triturated with a transfer
pipette, and filtered through a 100-mm cell strainer.
Cardiomyocytes were allowed to pellet by gravity for 7
min, followed by aspiration of digestion media and
washing with stop buffer (formulated identically
to digestion solution except with no collagenase
and with 1% bovine serum albumin). Cells were
again allowed to gravity pellet followed by a wash
in stop buffer without bovine serum albumin.
Cardiomyocytes were tolerated to calcium by adding
Tyrode buffer with 0.3-mM CaCl2 dropwise. Cell
culture dishes were coated with 20 mg/ml laminin
(23017-015; Gibco, Thermo Fisher Scientific, Waltham,
Massachusetts) for 1 h at room temperature. Laminin
solution was aspirated followed by plating of car-
diomyocytes for 1 h to allow cell adhesion before
experimentation.
POLYMERASE CHAIN REACTION AND GENOMIC DNA

ANALYSIS. Genomic DNA was isolated from mouse
tail tissues or total myocardial tissue samples. Poly-
merase chain reaction (PCR) was performed using
primers flanking and within Abcc9 exon 5
(forward primer: 50-ATGTTGCTTCCTTGTGTTTAA
TTCATGC-30; reverse primer 1: 50-GTTCTAGA-
GAGTTCTCCATTCCGTTTG-30; reverse primer 2: 50-
CGTTGCCAGTTAGAAAGTCAAAGTTAA-30) and ampli-
fied using PCR with cycle conditions: 94�C, 30 s; 55�C,
60 s; 72�C, 60 s. Products were run on 2% agarose gel
with ethidium bromide to visualize DNA
recombination.
REVERSE TRANSCRIPTASE PCR AND QUANTITATIVE

PCR ANALYSIS. Ribonucleic acid (RNA) was isolated
from whole heart tissue and isolated cardiomyocytes.
Samples were immediately placed in TRIzol (Ambion
Diagnostics, Austin, Texas) and disrupted using a
bead homogenizer (BioSpec, Bartlesville, Oklahoma),
followed by centrifugation for 3 min at 12,000 � g at
4�C. Supernatant was mixed with one-fifth volume of
chloroform and the tubes were incubated for 5 min at
room temperature with periodic shaking, followed by
centrifugation for 15 min at 12,000 � g at 4�C. RNA
was extracted from the upper aqueous phase. RNA
extraction was performed using the Aurum Total RNA
Mini Kit (Bio-Rad Laboratories, Hercules, California)
with DNAseI digestion, following the manufacturer’s
guidelines. Complementary DNA was synthesized
using qScript cDNA SuperMix (Quanta Biosciences,
Gaithersburg, Maryland) from 1 mg of RNA per sample,
following the manufacturer’s guidelines. Reverse
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transcriptase PCR was performed on Abcc9 to detect
the removal of exon 5 from the messenger RNA using
primers recognizing exon 4 and the exon 6/7 junction
(forward: 50- GTGCAAATTCATCATAACACGTG-30;
reverse: 50-CATATCTTCTGACCCGGATGAC-30). For all
reactions, 35 cycles were performed with annealing at
63�C for 30 s and extension at 72�C for 1 min.

Quantitative PCR was performed using iTaq uni-
versal SYBR Green supermix (Bio-Rad) in a CFX96
Real-Time PCR Detection System (Bio-Rad). Control
reactions were performed with RNA processed using
the same method but without reverse transcriptase.
Total Abcc9 expression was assessed using primers
designed against the exon 40/30UTR junction (for-
ward: 50-TCATTCTCTGCATCGGGTTCAC-30; reverse:
50-GACGGTAGGCATTGAAGTACTTG). Gapdh was used
as the reference gene for normalization (forward: 50-
TTGTGATGGGTGTGAACCACGA-30; reverse: 50-
AGCCCTTCCACAATGCCAAAGT-30). All quantitative
PCR primer sequences are listed in Supplemental
Table 1. For all reactions, 40 cycles were performed
with annealing and extension at 60�C for 70 s total.
Melt curves of the reaction products were obtained
for each primer set using SybrGreen master mix.
Quantitative PCR data were analyzed using the DDCq
method.

FASTING AND INSULIN CHALLENGE. Mice were fas-
ted for 5 h, during which water was available. Mice
were injected with sterile saline as control (minus
insulin) or 2 mU/g insulin via intraperitoneal injec-
tion. Mice were sacrificed 30 or 60 min post-insulin
injection and tissues were immediately harvested.
For the 0-min time point, mice were only fasted.

CELL CULTURE. Human embryonic kidney 293T
(HEK293T) cells were obtained from ATCC (CRL-
11268, American Type Culture Collection, Manassas,
Virginia). Cells were grown in Dulbecco’s modified
Eagle media supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (Thermo Fisher
Scientific, Waltham, Massachusetts) in a 37�C incu-
bator with 5% CO2.

TRANSFECTIONS. Cultured HEK293T cells were
transfected with Glut4-myc (MR208202, OriGene,
Rockville, Maryland) and either SUR2-green fluores-
cent protein (GFP), SUR55-GFP, or KIR6.2-GFP using
FuGENE HD transfection reagent (Promega, Madison,
Wisconsin). Cells were lysed 24 h post-transfection.

COIMMUNOPRECIPITATION. Cultured HEK293T cells
were rinsed once with ice-cold phosphate buffered
saline and lysed with radioimmunoprecipitation assay
buffer (89900, Thermo Fisher Scientific, Rochester,
New York) supplemented with polymethanesulfonyl
fluoride- and EDTA-free protease inhibitor cocktail
tablets (11836170001, Roche, Indianapolis, Indiana).
Cells were scraped from the plate with a chilled cell-
scraper (08-100-241, Thermo Fisher Scientific) and
transferred to Eppendorf tubes on ice. Lysates were
vortexed and triturated with an insulin syringe
(14-829-1A, Thermo Fisher Scientific). Whole hearts
were homogenized in radioimmunoprecipitation
assay buffer supplemented with polymethanesulfonyl
fluoride- and EDTA-free protease inhibitor cocktail
tablets using a Dounce tissue grinder. Lysates were
centrifuged at 10,000 � g for 5 min at 4�C and the
supernatant was stored at –80�C until use; 500-mg
protein (cells) or 1,000-mg protein (tissue) was cleared
by nutating with 75-ml protein A/G beads (IP05, Milli-
pore, Burlington, Massachusetts) and resuspended
in lysis buffer for 1 h at 4�C. Cleared lysates were
incubated with 3-mg anti-myc antibody (cells), 3-mg
anti-Glut4 (tissue), or rabbit immunoglobulin G (31235,
Thermo Fisher Scientific) for 3 h at 4�C on a nutator,
followed by addition of 50-ml protein A/G beads
and another 3-h incubation on a nutator at 4�C. Beads
were washed 3 times with lysis buffer and centrifuged
at 1000 � g for 1 min. Following the final wash, sample
was eluted by addition of 25 ml of 2� Laemmli sample
buffer (161-0737, Bio-Rad) with b-mercaptoethanol
and incubated at room temperature for 30 min, 15 ml of
urea buffer was then added before the sample was
pipetted off the beads and stored at –20�C before being
analyzed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis.

PROTEIN ISOLATION. Hearts were harvested and
flash-frozen. TES buffer (20-mmol/l Tris, 250-mmol/l
sucrose, 1-mmol/l EDTA, pH 7.4) with 1� complete
protease (4693132001, Sigma-Aldrich) and phospha-
tase inhibitor tablets (4906837001, Sigma-Aldrich)
was used for protein homogenization in a bead
beater tissue homogenizer (BioSpec). Homogenized
tissue samples were heated to 70�C in 2� Laemmli
and ran on a 4% to 15% TGX gel (Bio-Rad).

MICROSOME PREPARATION. Total cardiac muscle
membranes were prepared from age-matched mice
using a protocol modified from (22,23). Hearts were
excised, washed in phosphate buffered saline, and
minced. Tissue was incubated in 1 ml high salt solu-
tion (2-mol/l NaCl, 20-mmol/l HEPES, pH 7.4, 5-
mmol/l NaN3) for 30 min at 4�C, centrifuged for 5
min at 1000 � g at 4�C, and the supernatant was
discarded. The pellet was homogenized in 6 ml of TES
buffer (20-mmol/l Tris, 250-mmol/l sucrose, 1-mmol/l
EDTA, pH 7.4) using a Dounce homogenizer. The ho-
mogenate was centrifuged for 5 min at 1000 � g at
4�C. The pellet was rehomogenized in an additional 4
ml of TES buffer using a Dounce homogenizer. Both

https://doi.org/10.1016/j.jacbts.2018.11.012
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supernatants were combined for a total of 10 ml.
Homogenate was centrifuged for 10 min at 100 � g at
4�C. Supernatant was removed and the pellet was
resuspended in 300-ml TES (input control). The su-
pernatant was centrifuged again for 10 min at 5000 �
g at 4�C. The supernatant was removed and the pellet
was resuspended in 300-ml TES to yield a plasma
membrane enriched fraction.

IMMUNOBLOTTING. Protein concentration was
determined using Quick Start Bradford Dye Reagent
(500-0205, Bio-Rad). Proteins were transferred to
polyvinylidene difluoride membranes and blocked in
StartingBlock T20 Blocking Buffer; antibodies were
also diluted in StartingBlock T20 Blocking Buffer
(Pierce, Rockford, Illinois). Primary antibodies used
were: SUR2 TMD1 (24), Glut4 (07-1404, Millipore),
Glut1 (ab15309, Abcam, Cambridge, Massachusetts),
GFP (MBL598), insulin receptor b (3025, Cell
Signaling, Danvers, Massachusetts), dystrophin (NCL-
DYSB; Leica Biosystems, Buffalo Grove, Illinois),
Phospho-FoxO1 (Thr24)/FoxO3a (Thr32) (9464, Cell
Signaling), FoxO1 (2880, Cell Signaling), AKT (4685,
Cell Signaling), phosphorylated AKT Thr308 (9275S,
Cell Signaling) and phosphorylated AKT Ser473 (9271,
Cell Signaling). Secondary antibodies conjugated to
horseradish peroxidase were used at 1:5,000 (Jackson
ImmunoResearch Laboratories, West Grove, Penn-
sylvania). SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific, Rochester, New
York) and a Fluor Chem E FE0538 documentation
system (Protein Simple, San Jose, California) were
used for imaging. MemCode (Thermo Fisher Scienti-
fic) reversible stain was used as a loading control for
total transferred protein. Images were quantified
from at least 3 mice per genotype using Fiji software
(National Institutes of Health, Bethesda, Maryland)
normalized against loading controls.

CO-REGULATION DATABASE. Meta-analysis of gene
expressionwas performed on CO-Regulation Database.

GLUCOSE UPTAKE ASSAY. 2-Deoxyglucose (2DG)
uptake was measured using a colorimetric assay kit
(ab136955, Abcam). Isolated adult cardiomyocytes
were plated in a 96-well plate at a density of 1,500
cells/well in 100 ml of Krebs Ringers Phosphate HEPES
buffer (20-mM HEPES, 5-mM KH2PO4, 1-mM MgSO4,
1-mM CaCl2, 136-mM NaCl, 4.7-mM KCl, pH 7.4) with
2% bovine serum albumin for 40 min. Cells were then
treated with or without 1 mM of insulin for 20 min.
Ten microliters of 10-mM 2DG were then added for 20
min. After 3 phosphate-buffered saline washes, the
cells were harvested and 2DG was measured by
colorimetric assay following the manufacturer’s
guidelines.
ISOLATED PERFUSED HEARTS FOR 13C-GLUCOSE

LABELING. Mice were anesthetized with inhaled 3%
isoflurane and then euthanized with cervical dislo-
cation, as described previously. Hearts were rapidly
excised and placed in chilled heparinized modified
Krebs-Henseleit buffer (118-mM NaCl, 4.7-mM KCl,
1.2-mM MgSO4, 1.2-mM KH2PO4, 25-mM NaHCO3, 2.5-
mMCaCl2, 0.5-mM EDTA, and 5-mM glucose).
Extracardiac tissues were removed and discarded,
and the aorta was cannulated with a 22-gauge cannula
that was secured with 6-0 silk suture. Hearts were
then perfused at a constant pressure of 80 mm Hg on
a Langendorff apparatus with modified Krebs-
Henseleit buffer equilibrated with 95% O2 and 5%
CO2 at 37�C for 5 min. The media was then changed to
13C-modified Krebs-Henseleit buffer containing 5 mM
of 13C-glucose in place of regular glucose. Hearts were
perfused for 20 min followed by 5 min of washout
with regular modified Krebs-Henseleit buffer. Hearts
were then flash frozen.

METABOLITE ISOLATION. Flash frozen hearts from
euthanized mice (metabolomic) or Langendorff
apparatus (13C-glucose labeling study) were powdered
in a liquid nitrogen chilled mortar. One milliliter of
methanol/water 80:20 (vol/vol) per sample was
added. The homogenate was vortexed 1 min, and then
centrifuge at w20,160 x g for 15 min in a refrigerated
centrifuge. Two hundred ml of supernatant was
transferred into a tube with 800 ml of ice-cold meth-
anol/water 80% (vol/vol). The protein pellet was used
for protein quantitation using bicinchoninic acid
assay. The metabolite-containing supernatant was
then completely dried with a nitrogen gas N-EVAP
(Organomation Associates, Inc. Berlin, Massachu-
setts). Dried metabolite pellets were conserved at
–80�C until mass spectrometry processing.

MASS SPECTROMETRY. Services were performed by
the Metabolomics Core Facility at Robert H. Lurie
Comprehensive Cancer Center of Northwestern Uni-
versity. Fifty percent acetonitrile was added to the
dried pellet tube for reconstitution, followed by
centrifuged for 15 min at 20,000 g, 4�C. Supernatant
was collected for liquid chromatography-mass
spectrometry analysis. Samples were analyzed by
high-performance liquid chromatography and high-
resolution mass spectrometry and tandem mass
spectrometry. The system uses a Thermo Q-Exactive
in line with an electrospray source and an Ulti-
mate3000 (Thermo Fisher Scientific) series high-
performance liquid chromatography consisting of a
binary pump, degasser, and auto-sampler outfitted
with a Xbridge Amide column (Waters, Milford,
Massachusetts) (dimensions of 4.6 mm � 100 mm and
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a 3.5-mm particle size). The mobile phase A contained
95% (vol/vol) water, 5% (vol/vol) acetonitrile, 20-mM
ammonium hydroxide, 20-mM ammonium acetate,
pH 9.0; B was 100% acetonitrile. The gradient was as
follows: 0 min, 15% acetonitrile; 2.5 min, 30% aceto-
nitrile; 7 min, 43% acetonitrile; 16 min, 62% acetoni-
trile; 16.1 to 18 min, 75% acetonitrile; 18 to 25 min,
15% acetonitrile with a flow rate of 400 ml/min. The
capillary of the ESI source was set to 275�C, with
sheath gas at 45 arbitrary units, auxiliary gas at 5
arbitrary units and the spray voltage at 4.0 kV. In
positive–negative polarity switching mode, an m/z
scan range from 70 to 850 was chosen and MS1 data
were collected at a resolution of 70,000. The auto-
matic gain control target was set at 1 � 106 and the
maximum injection time was 200ms. The top 5 pre-
cursor ions were subsequently fragmented, in a data-
dependent manner, using the higher energy colli-
sional dissociation cell set to 30% normalized colli-
sion energy in MS2 at a resolution power of 17,500.
Data acquisition and analysis were carried out by
Xcalibur 4.1 software and Tracefinder 4.1 software,
respectively (Thermo Fisher Scientific).

GLYCOGEN MEASUREMENT. Glycogen storage was
measured using a colorimetric assay kit (ab169558,
Abcam) using 100,000 isolated adult cardiomyocytes
boiled in 200 ml of H2O. The homogenate was pro-
cessed following the manufacturer’s guidelines.

STATISTICAL ANALYSIS. Statistical analyses were
performed with Prism 6 (GraphPad Software, La Jolla,
California). Data were tested for significance using a
2-tailed Student’s t test or using 2-way analysis of
variance. Significance was determined as p # 0.05.
Data are presented as single values overlaid on graphs
of the mean � SEM. For the heart ischemia and
reperfusion experiments, baseline data was
compared using Prism and a Student’s t test. Data was
compared using a 2-way analysis of variance with
Bonferroni’s multiple comparisons test. The 2 cohorts
that underwent ischemia protocols #1 and #2 were
analyzed separately using a Student’s t test.

RESULTS

TAMOXIFEN INDUCIBLE, CARDIAC-SPECIFIC

DELETION OF Abcc9. Previously generated models
of SUR2 mutations in mice resulted in distinct car-
diovascular profiles. Abcc9 mice engineered to lack
exons 14 to 18, referred to as SUR2-Ex14/18 mice,
survived but developed coronary artery spasm (13).
This strategy resulted in global loss of full-length
SUR2 but left intact the smaller splice form, SUR2-55
(Figures 1A and 1B). A second model, engineered to
delete Abcc9 exon 5 (SUR2-Ex5), ablated expression of
both full-length SUR2 and the smaller SUR2-55
(Figures 1A and 1B) (18). This model displayed a
more profound cardiovascular outcome with neonatal
cardiomyopathy and lethality by 3 weeks of age
(models are summarized in Table 1). To selectively
ablate SUR2 expression in the adult myocardium, we
now generated a conditional Abcc9 floxed exon 5
allele in which LoxP sites flanked exon 5 of Abcc9.
This mouse was then crossed to a tamoxifen-
inducible aMHC-MerCreMer (MCM) transgenic
mouse for cardiomyocyte-specific deletion (Figure 1C)
(19). Adult mice 8 weeks of age received tamoxifen for
4 consecutive days (Figure 1D). Tamoxifen exposure
resulted in recombination of genomic DNA only in the
presence of Cre recombinase in cardiomyocytes but
not in genomic DNA isolated from tail tissue
(Figure 1E). Sequencing of reverse transcriptase PCR
products showed the expected deletion of exon 5 in
MCM Creþ hearts, while exon 5 was retained in MCM
Cre– hearts (Figure 1F). Quantitative PCR showed
>75% reduction in total Abcc9 transcript in tamoxifen
exposed MCM Creþ hearts (Figure 1G). We hypothe-
size non-Myh6 expressing fibroblasts and endothelial
cells found within the whole heart are the main
source of the remaining Abcc9 transcript in MCM
Creþ samples. SUR2 protein levels correlated with the
quantitative PCR findings, demonstrating >75%
reduction in SUR2 levels in MCM Creþ hearts
(Figures 1H and 1I). Transcript levels from the Kcnj8
gene, which is localized 16 Kb from the Abcc9 gene,
was similar between MCM Cre– and MCM Creþ hearts
by quantitative PCR (Figure 1J). Thus, tamoxifen-
induced cardiac-specific Cre expression induced
deletion of Abcc9 exon 5 resulting in decreased Abcc9
messenger RNA and SUR2 protein expression.
REDUCED BASELINE HEART FUNCTION IN CARDIAC

SUR2-DELETED MICE. To examine the role of SUR2 in
the adult myocardium, we analyzed hearts from mice
at 4 weeks following tamoxifen treatment. Body
weight from both female and male mice, as well as
heart weight to body weight ratios were not
significantly different between the 2 groups
(Figures 2A and 2B). Unlike the globally deleted exon 5
mice, which die in the neonatal period, mice with
cardiac specific deletion of SUR2 survived (Figure 2C)
(18). M-mode echocardiography showed abnormal
cardiac function in tamoxifen-treated MCM Creþ
hearts (Figure 2D). Cardiac SUR2-deleted mice
exhibited significantly reduced systolic function,
with fractional shortening of 35.9 � 1.8% in the MCM
Cre– and 27.5 � 1.9% in the MCM Creþ hearts
(Figure 2E). No significant difference in diastolic left
ventricular internal diameter or left ventricular pos-
terior wall thickness was noted between groups



FIGURE 1 Selective Ablation of Abcc9 in the Adult CM

(A) Abcc9 encodes sulfonylurea receptor 2 (SUR2), the major SUR expressed in the myocardium. Shown is a schematic of Abcc9-produced transcripts encoding SUR2

full-length and SUR2-55KDa forms. Exon 5 is shown in red. (B) Shown is a depiction of full-length SUR2 containing 3 transmembrane domains (TMDs): TMD0, TMD1,

and TMD2. SUR2-55KDa protein contains TMD0 and a portion of TMD2. The position of the protein domains encoded by exon 5 is shown with a red box. (C) Abcc9 gene

targeting of exon 5 with LoxP sites (black triangles) flanking exon 5 (red). These mice, referred to as Fl Ex5 (floxed exon 5), were bred to mice carrying a transgene

which expresses Cre recombinase under the control of the Myh6 promoter, MerCreMer (MCM), creating the cardiac Fl Ex 5 mouse model (19). (D) Tamoxifen dosing

strategy for deletion of Abcc9 exon 5. (E) Polymerase chain reaction (PCR) of genomic deoxyribonucleic acid (DNA) isolated from tail clip or cardiomyocytes (CMs) from

MCM Cre– and MCM Creþ Fl Ex5 mice using a 3-primer strategy to detect the deletion of exon 5 (upper band) or floxed exon 5 (lower band). (F) Reverse transcriptase

PCR (RT-PCR) from complementary DNA (cDNA) of tamoxifen-treated MCM Cre– and MCM Creþ mice show the exon 5–including transcript (upper band) and the

transcript generated from the exon 5 deletion (lower band). Products confirmed by Sanger sequencing. (G) Quantitative PCR analysis of cDNA from ventricular

myocardium from tamoxifen-treated MCM Cre– and MCM Creþ mice show reduced total Abcc9 transcript levels in Creþ mice (n ¼ 4, 3; p ¼ 0.008). (H, I) Immunoblot

analysis of hearts from tamoxifen-treated MCM Cre– and MCM Creþ mice show reduction of full-length SUR2 protein (n ¼ 8). *p < 0.001. (J) Quantitative PCR analysis

of cDNA from isolated ventricular myocardium from tamoxifen-treated MCM Cre– and MCM Creþ mice show equal transcript levels of Kcnj8 (n ¼ 5, 3). gDNA ¼
genomic DNA; Tg ¼ transgenic; WT ¼ wild-type.
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(Figures 2F and 2G). These data showed that loss of
SUR2 in adult cardiomyocytes was sufficient to
induce a reduction in cardiac performance.

LOSS OF SUR2 PROVIDES RESISTANCE AGAINST

ISOPROTERENOL-INDUCED CARDIAC FUNCTIONAL

DECLINE. A 6-day course of twice daily injections of
high-dose isoproterenol (200 mg/kg) has been shown
to induce myocardial injury resulting in cardiac
dysfunction with mild hypertrophic remodeling (21).
To assess the effect of loss of SUR2 after in vivo car-
diac injury and ventricular remodeling, MCM Creþ
and MCM Cre– mice were injected repeatedly with
isoproterenol to induce cardiac damage. Two days
following the final dose of isoproterenol, cardiac
function was assessed through M-mode echocardi-
ography (Figure 3A). Heart weight to body weight ra-
tio was not significantly different between the 2
groups (Figure 3B). MCM Cre– mice had reduced car-
diac function after injury as evidenced by decreased
percent fractional shortening, while MCM Creþ mice
did not show further deficit beyond the baseline
decrease in fractional shortening (Figure 3C). Isopro-
terenol did not significantly alter diastolic left ven-
tricular internal diameter in either group (Figure 3D).
Left ventricular posterior wall thickness was
modestly increased after isoproterenol challenge in
both the MCM Creþ and MCM Cre– groups (Figure 3E).



TABLE 1 Summary of Genetic and Phenotypic Differences Among Abcc9 Mouse Models

Mouse Line Ex 14/18 Ex5 Fl Ex5

Genetic mutation Deletion exons 14–18 Deletion exon 5 Floxed exon 5

Isoforms expressed Sur2-55 — —

Tissues affected All All Myh6 Cre, cardiac specific

Survival Survives to adulthood Early lethality 14–21 days Survives to adulthood

Phenotype Cardiac vascular spasm,
cardioprotection

Metabolic dysregulation,
heart failure

Metabolic dysregulation, heart abnormalities,
cardioprotection

Citation Chutkow et al., 2001 (42) Fahrenbach et al., 2014 (18) This report

Ex ¼ exon; FL Ex5 ¼ mice with LoxP sites flanking exon 5.
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As expected, Myh7 and Nppa mRNA expression
measured by quantitative RT-PCR was increased in
both MCM Cre- and MCM Cre in response to isopro-
terenol (Figure 3F). These results show that while loss
of SUR2 in adult cardiomyocytes resulted in mildly
depressed cardiac function, the SUR2-deleted hearts
displayed resistance to isoproterenol-induced injury
in vivo.

PRESERVED CARDIAC FUNCTION AND REDUCED

INFARCT SIZE AFTER ISCHEMIA-REPERFUSION

INJURY IN MCM CreD HEARTS. To further assess
whether the loss of total SUR2 in the adult heart was
cardioprotective during ischemic injury, MCM Creþ
and MCM Cre– hearts were subjected to ex vivo no-
flow ischemia and reperfusion using a Langendorff
constant pressure system. Maximum left ventricular
developed pressure (LVDP) was decreased at baseline
in MCM Creþ mice (65.5 � 4.0 mm Hg) compared with
MCM Cre– (49.5 � 2.0 mm Hg) (Figure 4A), consistent
with baseline systolic impairment in MCM Creþ
hearts, while the percent recovery of LVDP following
ischemia was significantly higher in MCM Creþ hearts
than control mice (Figure 4B). Correspondingly, at
baseline, the maximal rate of pressure development
was significantly decreased in tamoxifen-injected
MCM Creþ mice compared with MCM Cre– mice
(Figure 4C). However, the percent recovery of the
maximal rate of pressure development post-ischemia
was significantly enhanced in cardiac SUR2-deleted
hearts, showing a return to baseline, while the MCM
Cre– hearts failed to return to baseline (Figure 4D).
The maximal rate of pressure decline during relaxa-
tion was impaired at baseline in tamoxifen injected
MCM Creþ mice compared with MCM Cre– mice
(Figure 4E). Again, a significantly improved percent
recovery of the maximal rate of pressure decline
during relaxation post-ischemia was seen in MCM
Creþ hearts compared with MCM Cre– control mice
(Figure 4F). After both 30 or 45 min of global ischemia
and 60 min of reperfusion, MCM Creþ mice had
significantly smaller infarct areas compared with
MCM Cre– control hearts (30 min: MCM Cre– 33 � 6.3,
MCM Creþ 13.6 � 1.2; 45 min: MCM Cre– 19.5 � 4.5,
MCM Creþ 15.5 � 2.7) (Figures 5A to 5C). These data
indicate that, despite causing decreased baseline
function, cardiac-specific loss of SUR2 was car-
dioprotective during ischemic injury.

GLUT4 COMPLEXES WITH SUR2. The findings of
cardioprotection in the conditional cardiac SUR2
hearts prompted further analysis. The previously
generated SUR2-Ex5 mice developed metabolic ab-
normalities, failing to fully transition to oxidative
metabolism in early postnatal life (18). Using a CO-
Regulation gene expression database (25), we
queried genes that were concordantly expressed with
ABCC9/SUR2. Among the list of genes highly co-
expressed with Abcc9 was KCNJ8, which encodes
Kir6.1, a known partner protein of SUR2 (Table 2) (26).
SLC2A4, which encodes the insulin-sensitive glucose
transporter GLUT4, was >90% concordant with
ABCC9 expression (Table 2). The Slc2a4 transcript and
GLUT4 protein levels were not altered in cardiac
SUR2-deleted hearts (Figures 6A and 6B). Slc2a1,
which encodes GLUT1, and the GLUT1 proteins were
also similarly unaffected by cardiac SUR2 ablation. To
evaluate the possibility that GLUT4 and SUR2
interact, HEK cells were transfected with constructs
to express GLUT4 with SUR2-GFP, SUR55-GFP, or
KIR6.2-GFP. Co-immunoprecipitation with GLUT4
from HEK cell lysates showed that SUR2, SUR55, and
KIR6.2 each co-associated with GLUT4 (Figure 6C).
SUR2 also co-immunoprecipitated with GLUT4 in ly-
sates prepared from normal hearts confirming that
this interaction was present with natively expressed
proteins (Figure 6D). These data indicated that SUR2
and GLUT4 interact, directly or indirectly, and may be
in the same membrane complex.

LOSS OF SUR2 ALTERS GLUCOSE UPTAKE AND

GLUT4 LOCALIZATION. Translocation of GLUT4 to
the sarcolemma increases glucose uptake by the cell
and is directly stimulated by insulin signaling (27,28).
To examine if the conditional deletion of SUR2 in



FIGURE 2 Adult Cardiac-Specific Ablation of Abcc9 Is Associated With Reduced Cardiac Function

(A) After tamoxifen, cardiac-specific SUR2 deletion (MCM Creþ) mice were compared with identical genotype–drug treatment but without the

transgene (MCM Cre–). Body weights were not significantly different between MCM Cre– and MCM Creþ male or female mice (n ¼ MCM Cre–

8 female mice, 14 male mice; MCM Creþ 14 female mice, 4 male mice). (B) Heart weight to body weight ratios were unchanged when

comparing MCM Creþ to MCM Cre– (n¼ 11, 13). (C) Survival curves showed that MCM Creþ and MCM Cre–mice had similar life spans (n ¼ 5, 6).

(D) Representative short-axis M-mode echocardiography images revealed systolic dysfunction. (E) Fractional shortening (FS) was decreased in

MCM Creþmice (n¼ 10, 12). *p¼ 10,01. (F) Diastolic left ventricular internal diameter (LVID;d) was not altered in MCM Creþ hearts (n¼ 10, 12).

(G) Left ventricular posterior wall diameter (LVPW;d) was not different in MCM Creþ mice (n ¼ 10, 12). Abbreviations as in Figure 1.
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cardiomyocytes had functional implications in
glucose handling, cardiomyocytes were isolated from
MCM Cre– and MCM Creþ floxed exon 5 mice and
incubated with 2DG. 2DG is an analog of glucose that
can be taken up by the cell but cannot be metabolized
(29). With insulin exposure, both MCM Cre– and MCM
Creþ cardiomyocytes increased 2DG uptake
(Figure 7A). However, SUR2-deleted cardiomyocytes
had greater 2DG uptake than those with intact SUR2,
indicating enhanced insulin-stimulated glucose up-
take in the absence of SUR2 (Figure 7A). We quantified
GLUT4 in the plasma membrane of MCM Cre– and
MCM Creþ hearts 30 min after insulin stimulation and
found a significant increase in membrane-enriched
GLUT4 protein sampled from SUR2-deleted hearts
(Figure 7B). The insulin receptor is a membrane



FIGURE 3 Loss of Cardiac Abcc9 Mitigates Isoproterenol-Induced Cardiac Dysfunction

(A) Representative M-mode images of MCM Cre– and MCM Creþ hearts were examined 2 days after the final isoproterenol injection. (B) Heart

weight to body weight ratios showed no significant changes between genotypes (n ¼ 7). (C) FS decreased with isoproterenol exposure in

MCM Cre– mice while no reduction was noted in MCM Creþ mice indicative of protection (n ¼ 6, 8). *p ¼ 0.03. (D) LVID;d was not altered in

MCM Cre– or MCM Creþ hearts with isoproterenol (n ¼ 6, 8). (E) LVPW;d increased with isoproterenol exposure in both cohorts as expected

(n ¼ 6, 8). *p < 0.002. (F) Quantitative RT-PCR of hypertrophic markers Myh7 and Nppa show both MCM Cre– and MCM Creþ hearts

showed the expected significant response to the isoproterenol challenge (n ¼ 3, 5, 3, 5). *p ¼ 0.04 Myh7, p ¼ 0.001 Nppa. Abbreviations as

in Figures 1 and 2.
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protein that regulates glucose uptake by signaling
through the AKT pathway, resulting in translocation
of GLUT4-containing vesicles to the plasma mem-
brane (30). Insulin receptor protein expression levels
were similar in MCM Cre– and MCM Creþ hearts
(Figure 7C). However, the ratios of phosphorylated
AKT(Thr308) to total AKT and phosphorylated
AKT(Ser473) to total AKT were significantly increased
in SUR2-deleted hearts after insulin stimulation
(Figures 7D and 7E). FOXO1 is a transcription factor
that regulates energy metabolism, specifically
increasing cardiac fatty acid uptake and inhibiting



FIGURE 4 Adult Cardiomyocyte-Specific Ablation of Abcc9 Reduced Baseline Cardiac

Performance But Enhanced Recovery After Ischemic Injury

Excised hearts, MCM Cre– and MCM Creþ, were subjected to 30 min of baseline

measurement, followed by 45 min of no-flow ischemia, which was followed by 60 min

of reperfusion. (A) Baseline left ventricular developed pressure (LVDP) was reduced in

MCM Creþ hearts, consistent with echocardiography data. *p ¼ 0.002. (B) Following

ischemia, MCM Creþ hearts show improved recovery of LVDP compared with MCM

Cre– hearts. *p < 0.02. (C) Baseline left ventricular maximal contractility (maximal rate

of pressure development [þdP/dT]) was reduced in MCM Creþ hearts. *p ¼ 0.04. (D)

Recovery of left ventricular maximal contractility þdP/dT was more efficient in MCM

Creþ hearts than in MCM Cre– hearts (*p ¼ 0.04). (E) Baseline left ventricular maximal

relaxation (maximal rate of pressure decline during relaxation [–dP/dT]) was reduced in

Creþ hearts. *p ¼ 0.07. (F) Recovery of left ventricular maximal relaxation –dP/dT was

more efficient in MCM Creþ hearts than in MCM Cre– hearts (* p ¼ 0.01). (A to F) n ¼ 7,

8 hearts. Abbreviations as in Figures 1 and 2.
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glucose utilization (31–33). Moreover, the activity of
FOXO is known to be negatively regulated through
phosphorylation by AKT (34). We found the ratio
of pFOXO1(Thr24)/FOXO1 was also significantly
increased at baseline and after insulin stimulation in
SUR2-deleted cardiomyocytes compared with con-
trols (Figure 7F). These data show that in the absence
of SUR2 there is an increase in insulin-dependent
cardiac glucose uptake, an increase in GLUT4 in the
membrane fraction and enhanced signaling. We
conclude that this shift in glucose uptake can be
adaptive in response to myocardial stress including
isoproterenol infusion or infarct.

LOSS OF SUR2 ALTERS GLUCOSE UTILIZATION IN

THE HEART AND LEADS TO INCREASED PHOSPHO-

CREATINE CONTENT. The cardioprotection observed
after ischemia reperfusion without circulating insu-
lin, along with increased baseline insulin signaling in
SUR2-deleted cardiomyocytes prompted us to better
delineate cardiac metabolism in the absence of insu-
lin using increased glucose uptake by both insulin
and non-insulin dependent mechanisms. We profiled
115 hydrophilic metabolites (n ¼ 3 hearts per group)
(Supplemental Table 2). Phosphoenolpyruvate, a key
metabolite of the glycolysis pathway, was signifi-
cantly increased in MCM Creþ hearts compared with
MCM Cre– hearts (Figure 8A), and this was accompa-
nied by a significant increase in phosphocreatine, an
intracellular energy store (Figure 8B). Glycogen stores
were not significantly different in the absence of
SUR2/Abcc9 (Figure 8C). These results indicate altered
activity of either the consuming or producing reaction
of phosphoenolpyruvate (35). To evaluate whether
these findings reflected increased glycolysis, we per-
formed a 13C-glucose labeling fractional enrichment
on Langendorff-perfused hearts perfused with 13C-
glucose for sufficient time to allow TCA cycle
metabolite incorporation of 13C. The protocol
included a wash-out with 12C-glucose to unmask
possible differences in the rate of early glycolysis
marked by 13C (Figure 8D). D-glyceraldehyde-3-
phosphate and 3-phosphoglycerate showed a
decrease in 13C incorporation in MCM Creþ compared
with MCM Cre–, as reflected by the mass distribution
vector MDV (Figure 8D). 13C-pyruvate was differen-
tially labeled between MCM Creþ and MCM Cre–
hearts. This result may be explained either by the
duration of the washout time or by the different
subcellular localization of pyruvate in the mitochon-
dria versus cytoplasm. Interestingly 13C-alanine-3
incorporation, which reflects the level of mitochon-
drial pyruvate (36), was increased in the MCM Creþ
hearts, supporting increased mitochondrial pyruvate

https://doi.org/10.1016/j.jacbts.2018.11.012


FIGURE 5 Adult Cardiac SUR2-Deleted Hearts Were Protected From Ischemia

Reperfusion Injury

(A) Percent area of infarct was measured after 30 min of ischemia and was reduced in

MCM Creþ hearts (n ¼ 5, 4). *p ¼ 0.03. (B) Percent area of infarct after 45 min ischemia

was also reduced in MCM Creþ hearts (n ¼ 6, 8). *p ¼ 0.04. (C) Gross images of MCM

Cre– and MCM Creþ are shown after undergoing 30 min ischemia followed by reper-

fusion. The white area shows regions of infarct, while pink areas represent uninfarcted

regions. Abbreviations as in Figures 1 and 2.

TABLE 2 CO-Regulation Database Analysis Shows Genes

Concordantly Expressed With Abcc9

Gene
Experiments
With Abcc9 Concordant (%)

ABRA 95 98.9

KCNJ8 403 98.5

YIPF7 117 98.3

ASB10 146 97.3

TCAP 194 91.7

SMR2 142 91.5

SLC2A4 331 91.2

CSRP3 271 91.1

NRAP 303 91.1
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production from glucose in the SUR2-deleted heart
(Supplemental Figure 1). Tricarboxylic acid cycle
metabolites showed no significant differences in
these assays (Supplemental Figure 1). Three of the 4
metabolites measured were significantly different
between MCM Creþ and MCM Cre– baseline hearts
(Figure 8E). These data suggest altered glucose utili-
zation in MCM Creþ hearts and a low contribution of
glucose in the TCA cycle.

DISCUSSION

REDUCED CARDIAC FUNCTION RELATED TO LOSS

OF CARDIOMYOCYTE SUR2. Loss of SUR2 during
development and in the neonatal window causes
cardiomyopathy and death (18). The current investi-
gation examined acute and chronic loss of SUR2 in in
the adult myocardium. This genetic deletion moder-
ately reduced cardiac function but generated hearts
that were partially protected from ischemia-
reperfusion and isoproterenol insults. Cardiac-
deleted SUR2 mice had smaller infarct sizes and less
functional impairment after isoproterenol infusions.
The degree of cardiac functional impairment at
baseline was measurable but overall relatively
modest in cardiac SUR2-deleted mice, and mice with
deletion of SUR2 in the heart did not have shortened
life spans. These findings are in contrast to mice
carrying this same genetic deletion of exon 5
throughout development and in early postnatal life
(18). In SUR2-Ex5 mice, a profound dilated cardio-
myopathy developed in perinatal mice and correlated
with demise, typically by 3 weeks of age. During early
postnatal life, the mammalian heart undergoes a
transition from glycolytic to oxidative metabolism as
it adapts to high oxygen tension (37,38). Heart failure
is similarly accompanied by a shift to glycolytic
metabolism, and this state can be viewed as adaptive
in the early stage, as the use of glucose requires less
oxygen to generate the same amount of ATP (39).
However, over the longer term, use of glucose leads
to cardiac lipid accumulation and lipotoxicity, and
thus becomes maladaptive (40). In contrast, the
inability to use glucose in insulin-resistant diabetic
hearts and associated diabetic cardiomyopathy is
associated with excessive cardiomyocyte reactive
oxidative species production by increasing fatty acid
flux and oxidation (41). Those models exemplify the
important balance of substrate utilization and plas-
ticity in the healthy heart. Substrate prioritization,
such as increase in glucose utilization, can provide
short-term advantages under stress conditions, but
become maladaptive in the long term. The decrease in
left ventricular function seen in cardiac-deleted SUR2
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FIGURE 6 GLUT4 Is a SUR2-Interacting Protein

(A) Quantitative PCR analysis of cDNA of whole hearts from tamoxifen-treated Cre– and Creþ showed similar transcript levels of Slc2a4, which

encodes glucose transporter 4 (GLUT4), and Slc2a1, which encodes GLUT1 (n ¼ 7 per group). (B) Cre– and Creþ hearts express similar levels

of GLUT4 and GLUT1 protein (n ¼ 7 per group), as measured by quantitative immunoblotting. (C) SUR2, SUR55, and KIR6.2 each co-

immunoprecipitated with GLUT4 when co-transfected in human embryonic kidney cells (arrows). Immunoprecipitation with immunoglobulin

G (IgG) and beads alone did not result in co-immunoprecipitation and are shown as controls. (D) Full-length SUR2 is co-immunoprecipitated

with GLUT4 from normal hearts, indicating this interaction occurs with native proteins. The interaction between GLUT4 and SUR2 was not

altered in the presence of insulin. Immunoprecipitation (IP) with IgG is shown as a control. IB ¼ immunoblot; GFP ¼ green fluorescent protein;

other abbreviations as in Figures 1 and 2.
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FIGURE 7 SUR2 Regulates Glucose Uptake and GLUT4 Localization in Adult Hearts

(A) Insulin stimulation significantly increased 2-deoxyglucose (2DG) uptake in both MCM Cre– and MCM Creþ cardiomyocytes. 2DG

levels were significantly elevated in MCM Creþ cardiomyocytes compared with MCM Cre– cardiomyocytes post-insulin stimulation (n >7).

*p < 0.05. (B) Thirty minutes post-insulin injection MCM Creþ hearts showed increased GLUT4 in the plasma membrane fraction of prepared

microsomes (black arrow) (n$4 per genotype). Total protein was used as a loading control (LC). Relative sarcolemmal GLUT4 is represented

as the ratio of membrane fraction GLUT4 over total GLUT4. *p < 0.03. (C) Insulin receptor (INSR) protein levels were unchanged between

MCM Cre– and MCM Creþ hearts (n ¼ 6); LC, loading control. (D, E) Thirty min post-insulin injection MCM Creþ hearts showed a significant

elevation (black arrow) in the ratio of phosphorylated AKT (pAKT) (Thr308)/AKT and phosphorylated AKT(Ser473)/AKT (n ¼ 4). *p < 0.001

Thr308, *p ¼ 0.003 Ser473. (F) Thirty and 60 min post-insulin injection, MCM Creþ hearts showed a significant elevation in the ratio of

phosphorylated FOXO1 (pFOXO1) (Thr24)/FOXO1 (black arrows) (n ¼ 4). *p < 0.0001. -Ins ¼ without insulin; þIns ¼ plus insulin; AU ¼
arbitrary units; other abbreviations as in Figures 1 and 2.
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FIGURE 8 Increased Glycolysis in SUR2/Abcc9–Ablated Hearts

(A) Phosphoenolpyruvate was significantly increased in Creþ hearts at baseline as measured using metabolomic profiling (p ¼ 0.01). (B)

Phosphocreatine levels were increased in MCM Creþ hearts (p ¼ 0.05). (C) The ratio of glycogen over protein was not significantly different

between MCM Cre– and MCM Creþ hearts. (D) Whole hearts were equilibrated on a Langendorff apparatus for 5 min and subjected to 13C-

glucose uptake for 20 min followed by 5 min with unlabeled 12C-glucose and freezing for analysis. MCM Creþ hearts had a significant in-

crease in unlabeled carbon (13C-0) D-glyceraldyhade-3-phosphate and 3-phosphoglycerate, while 3-phosphoglycerate also had a significant

reduction in (13C-3) (n ¼ 3 MCM Cre–, n ¼ 4 MCM Creþ hearts). *p ¼ 0.05. (E) Steps in the glycolysis pathway. Red asterisks indicate

substrates that is statistically different between MCM Cre– and MCM Creþ hearts. X indicates substrates that were not measured. NS indicates

substrates that were measured and were not statistically different between MCM Cre– and MCM Creþ hearts. AU ¼ arbitrary units; MDV ¼
mass distribution vector; other abbreviations as in Figures 1 and 2.
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hearts at baseline is consistent with these same ob-
servations; however, this decrease of cardiac function
was not associated with a shortened life span.

IMPROVED ADAPTATION TO SHORT-TERM

STRESSORS. Strikingly, we observed that adult
cardiac-deleted SUR2 hearts were able to withstand
short-term cardiac stressors better than normal
counterparts. Specifically, 2 different methods, high-
dose isoproterenol infusion and ischemia reperfu-
sion, showed that adult cardiac-deleted SUR2 hearts
maintained function better after these insults. These
findings suggest that the metabolic shift resulting
from loss of SUR2 makes cardiomyocytes more resil-
ient to acute stress. We expect that longer-term
stressors would more adversely affect hearts lacking
SUR2, as glucose utilization is less able to maintain
energy supplies. We previously observed that SUR2
Ex14-18 hearts developed vascular spasm (13) and
hypothesized that vascular spasm in this setting
effectively pre-conditioned the myocardium,
rendering it more likely to adapt to ischemic insult
(15). We examined cardiac-deleted SUR2 for any evi-
dence of vascular spasm using telemetry to look for
ST-segment elevation but did not observe this
(Supplemental Figure 2). The current model demon-
strates that the loss of SUR2 in the cardiomyocyte it-
self is responsible for adaptation to short-term
stressors.
INCREASED INSULIN SIGNALING IN CARDIOMYOCYTE-SUR2

HEARTS. We previously observed that SUR2 Ex14-18
skeletal muscle had increased glucose uptake
despite no change in GLUT4 expression (42). In this
study, we now found that SUR2-deleted hearts show

https://doi.org/10.1016/j.jacbts.2018.11.012


PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Sulfonylurea

receptor antagonists remain in use to treat diabetes mellitus

since they are largely effective. The cardiovascular safety of the

sulfonylureas has been debated. Most commonly used sulfonyl-

urea receptor agonists have greater affinity for SUR1, which is

expressed in the pancreatic beta cell, compared with their af-

finity for SUR2.

TRANSLATIONAL OUTLOOK: The presence of agents that

react with SURs indicates that these agents can be targeted and,

in doing so, may offer a path to protecting the myocardium.
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increased glucose uptake and utilization through at
least 2 distinct mechanisms. First, GLUT4, the major
insulin-sensitive transporter in the heart was found
in a complex with SUR2. Co-expression of SUR1 and
GLUT4 has been noted in some cell types (43).
Both SUR2 and GLUT4 are enriched in striated mus-
cles, including both cardiac and skeletal muscle.
GLUT4 is dynamic and recruited to and from the
plasma membrane in response to insulin (44,45).
Consistent with this, we identified excessive glucose
uptake in cardiomyocytes lacking SUR2. These data
are consistent with a model where GLUT4 internali-
zation and recycling may be delayed, leading to
excessive glucose uptake, which alters glucose
handling and energy storage as phosphocreatine.
Secondly, we show that insulin signaling was
increased in cardiac-deleted SUR2 hearts, reflected by
an increase in AKT phosphorylation and activation of
downstream targets such as FOXO.

Taken together, excessive glucose uptake into the
myocardium, mediated by loss of SUR2 in car-
diomyocytes, leads to reduced cardiac function and
altered handling of glucose in this model that corre-
lates with a cardioprotective metabolic and bio-
energetic milieu. This increase in glucose uptake was
accompanied by enhanced insulin signaling. Loss of
SUR2 in cardiomyocytes and the resulting metabolic
shifts generates a myocardium that is resistant to
cardiac stress.

ADDRESS FOR CORRESPONDENCE: Dr. Elizabeth M.
McNally, Northwestern University Feinberg School of
Medicine, Center for Genetic Medicine, 303 East Su-
perior Street, Lurie 7-123, Chicago, Illinois 60611.
E-mail: elizabeth.mcnally@northwestern.edu.
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Despite the fact that cardiovascular disease (CVD) is the number 1 cause of death globally, investment in drug

development and new drug approvals for CVD are precipitously declining. In contrast, the trajectory of both investment

in development as well as new drug approvals for oncology have been increasing steadily over the same time frame. The

factors that have spurred drug development in oncology may be applicable to new efforts to overcome barriers to drug

development for CVD. Greater investment in basic research and application of expedited regulatory pathways have

contributed to a lowering of development barriers in oncology. Barriers in implementation are also critical. More rapid

adoption of guideline-based therapies and lower access barriers by payers have contributed to fewer implementation

barriers for oncology therapeutics. There is substantially greater advocacy among patients and physicians for new

oncology therapeutics, and such advocacy efforts are likely to have had a meaningful impact on lowering barriers to

develop new oncology therapeutics. Broad support of patient and physician advocacy efforts directed towards CVD may

help overcome existing development and implementation barriers to new drug development, thereby spurring more

rapid progress in the fight to eradicate cardiovascular disease. (J Am Coll Cardiol Basic Trans Science 2019;4:269–74)

© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
C ardiovascular disease (CVD) is the number 1
cause of death globally and has been the
leading cause of death in the United States

for almost 100 years. It also results in substantial
impairment of health status, disability, and increased
health care expenditures. Because of improvements
in lifestyle and treatments, the United States
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experienced a 60% reduction in age-adjusted death
rates for CVD from 1950 to 1999 (1). Despite this
extraordinary advancement for public health, recent
data show that CVD mortality rates are no longer
declining and, in fact, are increasing for some groups
(2). The need to develop new therapies for CVD re-
mains high. There have also been remarkable
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advances in cardiovascular (CV) basic and
translational sciences with a plethora of
promising targets for new therapies.
Notwithstanding this potential for new ther-
apies and great public health need, it is well
recognized that over the past couple of
decades there have been proportionally
fewer CVD therapeutic candidates in all
stages of drug development, including fewer new
CVD drug approvals (3–6). Although substantial in-
vestments in large scale trials for CVD research
continue, more investment seem to be shifting to-
ward other therapeutic classes, such as oncology
(3,4). CVD and oncology are the first and second
leading causes of death, respectively, yet the invest-
ment trajectories are completely different. During
the time that CVD drug approvals were declining,
new drug approvals and investment in oncology
increased significantly (3–6). Understanding the dif-
ferences in trends and reasons for those differences
may be informative and provide strategic insights
into approaches used in oncology that can be applied
in the treatment of CVD.

Several recent articles have thoroughly reviewed
different reasons for the recent reduction in CVD drug
development and compared it with the growing in-
vestment in oncology (3,4,7). Many factors contribute
to more uncertainty and a lower near-term return on
investment for CVD relative to oncology. Some fac-
tors are related to aspects of drug development and
regulatory approval whereas others are related to
market dynamics once a drug has been approved. For
clarity, this paper will group similar barriers together
and refer to the former as development barriers and
the latter as implementation barriers (Central
Illustration). Rather than discussing all these reasons
in detail, this paper will focus on the barriers that
seem to have been lowered for oncology to suggest
similar strategies that may be used to overcome bar-
riers and increase investment in CVD.

DRUG APPROVAL TRENDS AND

DEVELOPMENT BARRIERS

In the 1980s, approximately 1 in 4 approvals for all
new drugs and biologics were in the CVD therapeutic
class whereas w1 in 10 was in the oncology class (5).
In relative terms, in the 1980s U.S. Food and Drug
Administration (FDA) approvals for oncology thera-
pies were approximately 20% of new CVD approvals;
however, this has changed rapidly over the past few
decades. Between 2010 and 2017, there were almost
2.5 times as many oncology FDA approvals as CVD
approvals (Figure 1) (8).
One factor contributing to drug approvals is in-
vestment in basic research. A recent article shows
that the speed of clinical and regulatory development
is significantly shorter if basic science in the field
reaches a point of scientific establishment (7). When
comparing levels of federal funding, oncology has
significantly more funding than CVD. In 2017, there
was more than $6 billion in funding for cancer
between the National Cancer Institute funding
($5.9 billion) and the Beau Biden Cancer
Moonshot funding from the 21st Century Cures Act
($300 million) (9,10). The National Heart Lung and
Blood Institute received one-half that amount of
funding ($3.1 billion) in 2017 (9). In fact, among all the
institutes at the National Institutes of Health, the
National Cancer Institute has held the largest pro-
portion of the budget since at least 1980 (3).

Even after this early-stage investment, the cost of
clinical development is substantial. Development
cost for a drug or class is a critical factor in return on
investment calculations. A recent study analyzed cost
data from more than 100 compounds beginning hu-
man testing from 1995 to 2007 and estimated the cost
of developing a new drug at more than $2.5 billion
(in 2013 dollars) (11). This cost estimate was almost
1.5 times higher than they had previously estimated
for drugs that were approved a little more than a
decade earlier (12). These data are consistent with the
so-called “Eroom’s law” (Moore’s law spelled back-
wards) used to describe the phenomenon of the
increasing cost of drug development over time (4). To
our knowledge, there are no studies that compare the
development costs for oncology and CVD; however, it
has been shown that the registration-enabling trials
for CVD are, in general, larger and longer trials than
oncology trials (3).

Size and duration are 2 of the main determinants of
clinical trial costs. Some of the reasons that CVD trials
take longer include: 1) the need to show clinically
significant improvement in clinical outcomes on a
background of guideline-directed therapies instead of
relying on surrogate markers; and 2) a very low
tolerance for adverse effects. Potentially because of
the success in treating large populations and the
sheer number of people treated, there is, with few
exceptions, a need to show clinically significant
improvement in hard outcomes instead of relying on
surrogates in CVD. Also, cardiologists are skeptical of
surrogates because many have not successfully pre-
dicted CV-related outcomes. For example, the prom-
ise of high-density lipoprotein increases as a
surrogate for CVD outcomes was not fulfilled when
the outcomes trials were conducted. In addition,
for drugs that have an impact on more-established
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The generation of novel cardiovascular therapeutics is impeded by a lack of investment due to barriers that limit investment in research in

development as well as barriers that slow adoption of safe and effective therapies that limit their implementation. A “CVD Moonshot
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surrogate endpoints for CVD such as lowering of low-
density lipoprotein cholesterol, large outcomes trials
were needed to obtain approval from regulatory and
reimbursement authorities. On the other hand, in
oncology, because of the recognized importance of
getting promising new therapeutics to cancer patients
as quickly as possible, there is greater acceptance of
drugs being approved based on clinically meaningful
surrogate endpoints (13). In addition, there is much
greater acceptance of side effects and serious adverse
events in oncology. The time for clinical development
of new therapies for CVD indications has not changed
much since the 1970s (7). Oncology drugs, on the
other hand, have taken advantage of expedited reg-
ulatory pathways to reduce development times. Of
the 4 expedited programs offered by the FDA
(orphan, priority review, accelerated approval, and
fast track), the greatest number of applications were
for oncology drugs. In fact, the proportion of
oncology applications for each of these programs
ranged from about one-third to more than one-half
compared to <10% for CV applications (3).

There is a need to re-envision the development
pathways for CVD drugs considering the public health
importance of CVD. If this can be accomplished, it will
help improve the return on investment and provide
more incentive to invest in CVD and further improve
public health.

IMPLEMENTATION BARRIERS

Another key factor in return on investment is how
rapidly the innovation is adopted into clinical prac-
tice. Although there is evidence of geographic dif-
ferences in the speed of adoption of new cancer drugs
(14), there does not seem to be the same general
reluctance to adopt new therapies as there is in CVD.
For CVD, even when new drugs are adopted into



FIGURE 1 U.S. Food and Drug Administration Approvals for Cardiovascular Disease

and Cancer From 1980 to 2017

Adapted from Tufts Center for the Study of Drug Development Impact Report 2016 (5).

NBE ¼ new molecular entity; NME ¼ new molecular entity.
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treatment guidelines, there seems to be clinical
inertia regarding adherence to the guidelines. This
may be due to the previous success in reducing
morbidity and mortality which creates an impression
that sufficient progress had been made and un-
derestimates the true burden of CVD. Also, identi-
fying patients at imminent risk of an event is difficult
in clinical practice due to a lack of near-term risk
prediction tools, particularly for asymptomatic pa-
tients (15). Another issue may be that preventing
future events is not considered a priority in a system
that has a short-term budget view. The current
structure of our health care system incentivizes
treating conditions that have impact in the short run
but does not provide sufficient incentive to prevent
or treat conditions that could have enormous long-
term impact (e.g., atherosclerotic CVD [ASCVD]).

Even with CV conditions that do have short-term
impact and a strong immediate value proposition,
such as heart failure (HF), adoption of new therapies
is slow. Even though HF has mortality rates compa-
rable to several common cancers (16), when a drug in
a new class of HF therapeutics, angiotensin receptor
neprilysin inhibition (ARNI), showed a 20% reduction
in CV death and similar or better tolerability
compared with standard of care, only w2% of eligible
patients were prescribed the drug 1 year after
approval (17). This was close to 2 years after the initial
report of the benefit of ARNI (18). An analysis by
Fonarow et al. (19) estimated that optimal adoption of
ARNI therapy could have saved almost 30,000 lives in
the United States annually. These better clinical
results may actually result in lower total health care
costs. Recent analysis of real-world data has shown
that, despite the higher pharmacy costs, ARNI
reduced total health care costs by 28% compared to
standard-of-care because of the much lower medical
costs for ARNI-treated patients (20).

Another related barrier for implementation is the
reimbursement and access challenges that many new
drugs face. When financing new therapies, 2 main
questions are typically considered: 1) Can we afford to
pay for the drug? 2) Is the drug worth the price? The
concern about affordability and the impact of the
drug on the budget is particularly relevant for drugs
that treat large populations, such as CVD drugs. The
most recent report from the American Heart Associ-
ation (AHA) concludes that almost one-half of all
Americans adults (>120 million individuals) have CVD
(21). The prevalence of cancer is much lower (>14
million individuals in the United States) (22). The size
of the population makes new CVD drugs potentially
very difficult to afford. Beyond the budget impact
concern, there is a need to convince insurance com-
panies and other payers of the value of these drugs to
ensure the drugs are placed onto insurance formu-
laries and can be accessed by patients with an
affordable out-of-pocket copayment or coinsurance
amount. Often these 2 issues are conflated and what
is described as a lack of value is really a concern about
the ability to pay for the drug considering the large
populations of potential patients.

To deal with financing concerns, payers can resort
to erecting major access barriers and this has
happened with several recently approved CVD drugs.
For example, more than 1 year after proprotein con-
vertase subtilisin/kexin type 9 inhibitors were
FDA-approved for treating individuals with familial
hypercholesterolemia and established ASCVD,
analyses showed that insurance companies were
rejecting claims for 63% of familial hypercholester-
olemia patients and 58% of ASCVD patients (23). This
high rejection rate is due to a failure in any number
of steps towards reimbursement, including
authorization paperwork that oftentimes requires
documentation, and step therapy, often requiring
trials of specific doses of medications for pre-
specified periods. If a patients’ insurance rejects a
claim, the physician’s office may need to go through
lengthy appeals processes with insurance companies
(24). With oncology drugs, payers are much less likely
to impose access restrictions. Government policies
often mandate coverage for oncology drugs. For
example, Medicare covers all FDA-approved in-
dications for cancer and cancer is 1 of the 6 protected
classes required to be covered under Medicare’s Part
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D drug benefit (25). Although they are not subject to
these government mandates for commercially
insured patients, payers have been reluctant to
impose meaningful restrictions on cancer therapies.
This reluctance may be related to previous backlash
from advocacy groups when restrictions have been
imposed in the past (25).

OVERCOMING BARRIERS THROUGH

STRONG ADVOCACY

A common thread in all the differences in oncology
and CVD is the strong advocacy in oncology. The level
of advocacy by physician groups and patients is not
nearly as strong for CVD. For example, if survival
outcomes for HF are similar to some cancers, why are
people not wearing HF awareness bracelets? This lack
of a strong advocacy voice may play into the compla-
cency of payers and health care providers. Greater
advocacy from patients and physicians shines the light
on problematic barriers that can delay the time to life-
changing therapies. There are several potential rea-
sons for the difference in advocacy. Oncology patients
tend to skew a little younger, so people are more
concerned about life-threatening disease in younger
patients. Also, CV patients may blame themselves and
their lifestyle choices for their condition. Other than a
few very specific conditions in oncology, such as lung
cancer, this tends not to be the case for cancer.

With better advocacy for CVD, both development
and implementation barriers could be better
addressed and reduced. There would be substantial
merit in a call to action with a CVD moonshot program
and more research funding for CVD like there is for
oncology to continue to catalyze innovation in CVD.
There is a need for more proactive data-driven dis-
cussions with the FDA (as well as the Centers for
Medicare and Medicaid Services and other payers) to
ensure the right balance between speed and safety is
found. Implementation barriers could be reduced
through increased support for guideline-based per-
formance improvement programs, systems of care,
and training to aid health care systems with rapid
adoption (26). Better physician and patient advocacy
is critical to bring down payer access barriers. Multi-
ple stakeholders including insurers still seem to
underestimate the unmet need in CVD; hence, there
is a need for more education about the impact of CVD
on patients’ health status, wellbeing, and quality of
life (27).

Despite the compelling unmet need for additional
therapies for CVD that provide meaningful patient-
centered benefits, there is underinvestment in CVD
compared to other therapeutic areas. However, there
are reasons to be optimistic and strategies can be
implemented to address these challenges. First,
although recent approvals for CVD have declined,
data suggests that we may be at a tipping point in
basic research for CVD that could spur more suc-
cessful drug development (7). Innovations in DNA
sequencing methodologies have transformed the field
of human genetics, holding the promise of identifying
causal mechanisms and creating better drug targets
for the treatment of common, complex diseases such
as CVD (28). Second, as the focus on quality and
patient-centered outcomes increases, providing
treatments that improve patient outcomes in CVD is
well aligned with quality incentive payment pro-
grams. Finally, we have seen how advocacy seems to
have moved the needle in oncology. If we continue to
work together and make a concerted effort to shine
the light on the unmet need in CVD, we can help
improve investment in this area. We already have
large campaigns such as the Center for Disease Con-
trol’s Millions Heart campaign (29) and the American
Heart Association and Duke’s Value in Health Care
Initiative (30). If cardiologists champion these
movements en masse, we will have great momentum.
Like they have in oncology, we need to have a CV
“moonshot” and we need to be advocates in the fight
to eradicate CVD.

ADDRESS FOR CORRESPONDENCE: Dr. Aarif Y.
Khakoo, Amgen Inc., 1120 Veterans Boulevard, South
San Francisco, California 94080. E-mail: aykhakoo@
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STATE-OF-THE-ART REVIEW
Cardiac Muscle Membrane Stabilization in
Myocardial Reperfusion Injury
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HIGHLIGHTS

� In myocardial ischemia, the integrity of the cardiac sarcolemma is severely stressed in the critical earliest moments

upon reperfusion. Bolstering sarcolemma integrity improves myocyte survival.

� This review focuses on cardiac sarcolemma stability and its role as a therapeutic target in ischemia-reperfusion injury.

� Synthetic block copolymers have been shown to interface with the muscle membrane to confer membrane stabilization

during stress.

� Integrated multidisciplinary research teams, spanning cardiology, physiology, chemistry, and chemical engineering

are essential to guide future mechanistic and translational studies of novel chemical-based membrane stabilizers for

preserving viable heart muscle during ischemia-reperfusion injury in human patients.
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The phospholipid bilayer membrane that surrounds each cell in the body represents the first and last line of defense

for preserving overall cell viability. In several forms of cardiac and skeletal muscle disease, deficits in the integrity of

the muscle membrane play a central role in disease pathogenesis. In Duchenne muscular dystrophy, an inherited and

uniformly fatal disease of progressive muscle deterioration, muscle membrane instability is the primary cause of disease,

including significant heart disease, for which there is no cure or highly effective treatment. Further, in multiple clinical

forms of myocardial ischemia-reperfusion injury, the cardiac sarcolemma is damaged and this plays a key role in disease

etiology. In this review, cardiac muscle membrane stability is addressed, with a focus on synthetic block copolymers as a

unique chemical-based approach to stabilize damaged muscle membranes. Recent advances using clinically relevant

small and large animal models of heart disease are discussed. In addition, mechanistic insights into the copolymer-muscle

membrane interface, featuring atomistic, molecular, and physiological structure-function approaches are highlighted.

Collectively, muscle membrane instability contributes significantly to morbidity and mortality in prominent acquired

and inherited heart diseases. In this context, chemical-based muscle membrane stabilizers provide a novel therapeutic

approach for a myriad of heart diseases wherein the integrity of the cardiac muscle membrane is at risk.

(J Am Coll Cardiol Basic Trans Science 2019;4:275–87) © 2019 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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FIGURE 1 Health Relevance

Clinically relevant pathways to cardiac reperfusion injury with

focus on cardiac membrane instability and the novel use of

synthetic membrane stabilizers. CPR ¼ cardiopulmonary

resuscitation; MI ¼ myocardial infarction.
OVERVIEW: CARDIAC MUSCLE MEMBRANE

INTEGRITY AND HEART PERFORMANCE

Cardiac muscle membrane instability is a hallmark of
myocardial ischemia-reperfusion (I/R) injury (1–29).
It is well-documented that in the very earliest
moments of reperfusion cardiac myocytes swell
markedly due to significant myoplasmic osmolyte
accumulation during the ischemic period
(21,25,28,30,31). Myocyte swelling, along with myo-
cyte contracture, exerts a severe stress on the cardiac
membrane (sarcolemma), leading to membrane tears,
pores, blebs, and instability (19,20,25–28). Loss in the
primary barrier function of the cardiac membrane
leads to catastrophic outcomes in terms of overall
myocyte viability and function. It follows that pre-
serving cardiac sarcolemma integrity in I/R holds
promise for enhancing cardiac muscle viability thus
improving overall heart function during reperfusion
(Figure 1).

Myocardial I/R causes millions of deaths per year
(2,10,15,17,19,32–39) underscoring the urgency for
detailed understanding. There are multiple
pathological pathways to cardiac reperfusion injury;
nonetheless, in the face of this complexity, a
key unifying component of I/R injury centers
on cardiac muscle membrane instability
(19-21,23-26,29,31,37,40). In cardiac I/R, sarcolemmal
rupture and necrotic cell death are well documented
in the critical minutes of reperfusion after an
ischemic event (1–19). Whereas the pathways leading
to cardiac I/R injury are multifold and complex
(18,41,42), we and others have established a sound
premise that a clear approach for a clinically mean-
ingful treatment would be one that would directly
enhance cardiac membrane stability in I/R (43). Given
that cardiac sarcolemma damage is a well-established
hallmark of I/R injury, it is surprising this has
received relatively little direct investigation as a
possible target for I/R treatment development (44).

In this review, we detail the design and
implementation of chemical-based synthetic muscle
membrane stabilizers for the diseased heart
(Central Illustration). Muscle membrane stabilizers
target and interface with, but do not transit across,
the cell outer membrane to confer sarcolemma
stabilization (Figure 2) (45–47). We recently
showed in several genetic models of cardiac
muscle membrane instability that synthetic block
copolymer-based membrane stabilizers prevent pro-
gressive cardiomyopathy (48,49). We focus here on
the mechanism by which block copolymer muscle
membrane stabilizers interface with the sarcolemma
to preserve cardiac myocyte viability. A structure-
function approach is enabled by leveraging insights
across disciplinary lines, extending from chemistry to
physiology and cardiology. Collectively, we advance
synthetic membrane stabilizers as a unique first-in-
class cell extrinsic strategy for directly protecting
cardiac muscle membranes during I/R in vivo (48–53).
We propose that membrane stabilizers, in the form of
synthetic copolymers, provide a unique tool to
investigate the mechanism of cardiac I/R injury and
provide a template toward developing novel thera-
pies designed to stabilize the muscle membrane in
acquired heart disease. Thus, this review is centered
on novel means and mechanisms to preserve viable
myocardium during reperfusion.
THE CARDIAC MEMBRANE AS A DIRECT

THERAPEUTIC TARGET IN MYOCARDIAL I/R

Cardiac I/R injury exacts a tremendous toll on
morbidity and mortality in humans (54–59), and
recent clinical cardioprotective trials have been
disappointing (60). The hypothesis advanced here is
that during the critical earliest stages of I/R the car-
diac myocyte’s endogenous membrane stabilization/
repair machinery is overwhelmed and that synthetic
copolymers serve to rapidly stabilize the membrane
as a bridging mechanism. In this way, copolymers
permit the cell intrinsic membrane repair pathways
adequate time to fully repair the damaged membrane
and preserve cardiac myocyte viability in vivo. Block
copolymers offer a direct approach to preserve
membrane integrity in I/R, thereby representing a
novel therapeutic development opportunity with the
potential for high clinical impact.



CENTRAL ILLUSTRATION Chemical-Based Membrane
Stabilizer Discovery Platform Integrating Insights From
Vesicles to In Vivo

Houang, E.M. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(2):275–87.

Overarching goal: stabilizing the cardiac muscle membrane in disease using synthetic

chemistry.
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Heart muscle has multiple cell intrinsic/endoge-
nous mechanisms to stabilize/repair the fragile/
damaged sarcolemma during stress (61–64). These
include sarcolemma phospholipid fluid mosaic
re-structuring that can rapidly repair very small
disruptions/injury to the membrane. For more sig-
nificant damage, which would occur during cardiac
I/R, key endogenous mechanisms are activated to
repair damage to preserve muscle cell integrity
and viability. Published data supports endogenous
dysferlin-mediated muscle membrane repair (65,66).
Dysferlin repairs muscle membranes in a Ca2þ-
dependent manner whereby dysferlin regulates
fusion of repair vesicles with the sarcolemma to
accomplish membrane repair. Mitsugumin 53 has
also been identified as a crucial component in
membrane repair (67). Recently, a new cell intrinsic
membrane stabilization pathway has been eluci-
dated: thrombospondin 4(Thbs4)–mediated striated
muscle membrane stabilization (68–70). The Thbs4
mechanism of cell intrinsic membrane stabilization
(69) is restricted to cardiac and skeletal muscle and
its expression is induced with injury or disease in
the heart, including ischemic injury (69–72). Thbs4
is therefore distinct from other Thbs gene family
members that are secreted glycoproteins. Within
striated muscles, Thbs4 directly enhances intracel-
lular vesicular trafficking and chaperones the critical
dystrophin-glycoprotein complex and integrin
attachment to the muscle membrane, leading to
increased membrane stability of heart muscle
(69–73). Data show that genetic ablation of the
Thbs4 pathway in otherwise healthy animals
directly causes sarcolemma weakness (69). Further,
overexpression of Thbs4 markedly enhances vesic-
ular trafficking of dystrophin-glycoprotein complex
and integrin complexes to augment muscle mem-
brane integrity to enable efficient membrane repair.

On the physiological timescale, the myocyte’s
intrinsic membrane repair and stabilization path-
ways, including dysferlin, mitsugumin 53, Thbs4,
and others, can take up to several minutes or longer
to repair sarcolemma damage (61,74–77). In I/R, this
delay in repair can be catastrophic, leading to the
demise of the cell. To address this, we and others
have pursued cell-extrinsic synthetic chemistries as
a rapid means to protect damaged striated muscle
membranes (Figures 1 to 3). We were the first to
show that the first-in-class synthetic membrane
stabilizer, triblock copolymer poloxamer 188 (P188),
protects the heart (Figure 2) (48). The poloxamer
family of block copolymers has been in wide use for
drug delivery and other biomedical applications
(78). P188 has been safely used in animals and
humans, including advanced clinical trials for
limiting vaso-occlusive crisis in sickle cell anemia
(79–81). As reviewed in detail below, synthetic
membrane stabilizers are amphiphilic long-chain
macromolecular block copolymers that interact
with and protect the muscle sarcolemma during
stress (Central Illustration, Figure 2). The goal of this
review is to illuminate the role of membrane integ-
rity in I/R by disseminating recent insights into
copolymer-membrane interactions. We further pro-
vide an overview of the potential for translation of
this therapeutic approach into clinically relevant
beneficial outcomes in the setting of myocardial I/R
in vivo.



FIGURE 2 Schematic Representation of Block Copolymer

P188 Interaction With the Cardiac Sarcolemma

Blue spheres ¼ polyethylene oxide block; red spheres ¼
polypropylene oxide block.
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MYOCARDIAL I/R INJURY

CLINICAL FEATURES

Coronary heart disease is the most common form of
human heart disease in the United States, accounting
for 20% of all deaths (82). Coronary heart disease
most often presents as a myocardial infarction (MI),
during which cardiac tissue becomes ischemic due to
coronary arterial blockage, and this blockage must be
rapidly reversed to help preserve functional heart
muscle (4,30,33,34,36,37,83–88). In the United States,
>250,000 patients per year have ST-segment eleva-
tion MI (STEMI) treated with primary percutaneous
coronary intervention (PCI) that involves intra-
coronary placement of a stent to open up the blocked
vessel. Urgent restoration of blood flow, where “time
is muscle” is the cardiologist’s main imperative.
Paradoxically, restoration of blood flow causes a
second wave of cardiac muscle damage termed
myocardial I/R injury (10,12,38,89).

Along with MI, other clinically relevant scenarios
involving myocardial ischemia (or low flow) and
reperfusion include cardiopulmonary resuscitation
(CPR) and heart organ procurement and trans-
plantation (Figure 1) (90,91). In the case of CPR,
discordant electrical activity of the heart leads to
marked reductions in heart pump performance
requiring external compressions of the chest cavity
(CPR) to provide low-flow perfusion. Upon reac-
quisition of sinus rhythm, flow can be restored;
however, as in MI, the reintroduction of oxygenated
blood results in reperfusion injury. Further,
heart organ transplantation necessitates organ
procurement and a prolonged ischemic period that
can last hours before transplantation and reperfusion
(59,92). Each of these common clinical scenarios
presents unique conditions for the development of I/
R injury, and each provides unique opportunities to
assess the efficacy of membrane stabilization to
improve myocardial viability and function.

There are 2 basic clinical presentations that result
from sudden onset of profound myocardial ischemia.
Whereas they differ in the distribution of the
ischemia and resulting reperfusion, the underlying
mechanisms of cellular injury are similar. The first,
MI, occurs in approximately 600,000 people per
year. Of these, STEMI accounts for 30% of cases (82).
STEMI causes mortality in 6% of cases, with up to
20% of patients going on to develop overt heart
failure requiring lifelong therapy (93). STEMI is
caused by complete occlusion of a coronary arterial,
severely limiting or eliminating blood flow to a re-
gion of the heart. This is most commonly caused by
sudden formation of thrombus at the site of an
atherosclerotic plaque. Advances in treatment of
STEMI over the last few decades have focused on
reperfusing the muscle by removing the obstruction.
This began initially with thrombolytic therapy to
dissolve the obstructing thrombus. Presently, front-
line clinical treatment focuses on the use of PCI in
the cardiac catheterization laboratory, where
balloons and/or stents are deployed to resolve the
occlusion (94,95). The use of PCI has markedly
increased the likelihood of reperfusion, increasing
from 40% to 55% with thrombolytics to >90% with
PCI (96).

BLOCK COPOLYMERS:

FIRST-IN-CLASS SYNTHETIC

MUSCLE MEMBRANE STABILIZERS

The scientific premise guiding this review is that
maintenance of cardiac membrane integrity is
severely challenged from the very earliest moments
of reperfusion. Thus, the stability of the muscle
membrane represents a potentially highly efficacious
target for therapeutic development. In this light, we
and others have advanced synthetic chemistries
featuring block copolymers as a unique class of mol-
ecules with membrane stabilization functionalities
(Central Illustration). Synthetic block copolymers
include a range of soft materials with wide ranging
industrial and biological applications (45,81,97). The
most well-known synthetic block copolymers in
biomedicine are triblock copolymers known as
poloxamers (or pluronics), which are composed of a
hydrophobic polypropylene oxide (PPO) block flanked



FIGURE 3 Timing and Location of Membrane Stabilizer Delivery are Essential

Elements to Clinical Efficacy in STEMI/Percutaneous Coronary Intervention
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by hydrophilic polyethylene oxide (PEO) chains
(Central Illustration, Figures 2 and 3). In principle, an
immeasurable number of block copolymers of distinct
physicochemical properties could be obtained by
varying the lengths of the PEO and PPO blocks as well
as their architectural assembly. These various com-
binations give rise to amphiphilic molecules with
complex membrane interface behavior that have been
found to directly interact with cellular membranes as
lysis agents and membrane stabilizers, directly
dependent on their unique chemical composition
(48,97–101).

Block copolymers can be designed to vary mark-
edly in size, composition, and architecture (Figures 2
and 4) (102). By far, the most well-studied block
copolymer in biomedical research has been the tri-
block P188 (or PEO75-PPO30-PEO75, PPO/PEO ¼ 0.20
and MW ¼ 8.4 kDa) (Figures 2 and 3, Table 1). P188 was
first approved by the Food and Drug Administration
as an anti-viscosity agent added to blood and has
been previously tested in clinical trials for sickle cell
anemia and MI (81,103–110). The pharmacokinetic
profile of P188 in healthy males has been obtained in
a cohort of volunteers, and it has been determined
that elimination occurs primarily through renal
clearance (111,112). The formulation of P188 purified
from small molecular weight impurities is well toler-
ated (113). P188’s safety profile was further validated
for long-term use in human patient sickle cell anemia
trials, showing an overall excellent safety profile in
humans (81,103,104).

P188 has shown membrane stabilization capability
in a diverse range of pathophysiological settings.
These include irradiation and burn injury (114,115),
blunt impact–induced cartilage damage and joint
degeneration (116), amyotrophic lateral sclerosis (117),
neuronal cell death (118), traumatic brain injury–
induced blood-brain barrier damage, brain edema
(119), and apoptosis-induced neuronal cell death after
oxygen-glucose deprivation (120). Membrane stabili-
zation by P188 has also been well established
in Duchenne muscular dystrophy models
(48,49,53,121,122) where purified clinical grade P188 is
currently under a Phase II, single-site, open-label
clinical trial for Duchenne muscular dystrophy pa-
tients. Furthermore, in vivo delivery of P188 was
shown to protect neuronal cells during spinal cord
compression and acute intracranial hemorrhage (123).
P188 has also been used as an additive enhancing
blood oxygenation, cardiopulmonary bypass, in heart-
lung bypass, and as a rheological agent to lessen blood
viscosity and platelet aggregation (124–129).

Of direct relevance to STEMI and I/R injury, a
previous study showed that intravenous injection of
P188 significantly improved blood flow to ischemic
brain areas induced by surgical occlusion of the
middle cerebral arterial in a rabbit model of focal
cerebral ischemia (130). Because P188 was reported
to improve blood flow without reducing blood
viscosity and without hemodilution, it has been
hypothesized that P188 improves blood flow by
reducing adhesive interactions between blood cells
and vessel walls and between fibrin and fibrinogen
in the microcirculation (130). Moreover, P188 was
found in one study to diminish I/R-induced brain
injury and improve long-term functional recovery
after focal cerebral ischemia in mice (131). There is
evidence that P188 can provide long-term protective
effects on cerebral I/R injury both in vivo and
in vitro and that neuroprotection offered by P188
involves several mechanisms, including preserving
blood-brain barrier impermeability, intervening in
the nuclear factor kappa light chain enhancer
signaling pathway by inhibiting MMP-9, and
reducing cell death. P188 was also found to rescue
cultured hippocampal neurons after excitotoxicity
and oxidative stress (132), both central mechanisms
of hypoxia injury-induced neurodegeneration.
Another study showed that P188 decreased the
activation of autophagy in neuronal cells under
oxygen-glucose deprivation in vitro and that intra-
venous injection of P188 reduced infarct volume and
neurological/motor deficits in a mouse model of ce-
rebral ischemia in vivo (133).

A recent investigation further showed that cardiac
I/R injury, which is significantly amplified in animal
models of sarcolemmal loss-of-function, was abro-
gated by application of copolymer-based membrane
stabilizers (42). P188 treatment of rat cardiac myo-
cytes exposed to simulated ischemia/reperfusion
in vitro prevented membrane leakage of intracellular
lactate dehydrogenase. Furthermore, P188 mediated



TABLE 1 Chemical Features of Various Synthetic Block Copolymers

Architecture Polymer PEO* PPO* End Group† Mass‡ PEO%§

Triblock copolymer/P188k PEO75PPO30PEO75 150 30 — 8,400 80

Triblock copolymer/P338k PEO140PPO44PEO140 280 44 — 14,600 84

Triblock copolymer/P331k PEO7PPO54PEO7 14 54 — 3,700 26

Diblock copolymers PEO75PPO15�H 75 15 �H 4,200 80

PEO75PPO15�C4 75 15 �C(CH3)3 4,430 77

Control homopolymer PEO198 198 0 — 8,700¶ 100

*Total number of EO or PO monomer units. †Chemical end group. ‡Molecular weight in g/mol by 1H NMR
end-group analysis. §PEO weight percent to total molecular weight. kManufacturer BASF, Florham Park, New
Jersey. ¶Number average molecular weight.

EO ¼ ethylene oxide; NMR ¼ nuclear magnetic resonance; PEO ¼ polyethylene oxide; PO ¼ propylene oxide;
PPO ¼ polypropylene oxide.
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membrane stabilization was shown to prevent I/R-
functional deficits in isolated hearts ex vivo (42).
Taken together, these studies provide strong evi-
dence that the neuronal and cardiac cell membranes
can be targeted for membrane stabilization to
improve viability and function in I/R.

COPOLYMER-BASED MEMBRANE

STABILIZERS IN MYOCARDIAL I/R INJURY

In the setting of reperfusion injury after MI, mem-
brane stabilizers were first tested in small and large
animal studies in the 1990s. The first study, published
in 1991, used a dog model of left anterior descending
arterial occlusion with infusion of P188 for the 15 min
before reperfusion and the first 45 min of reperfusion
(134). P188 reduced infarct size by 50% in that model.
Subsequent studies went on to replicate the reduced
infarct size using the same canine model (110). At that
time, these positive effects were attributed to the
hemorheological and antithrombotic effects of P188,
as it was shown to reduce red blood cell aggregation
(81), facilitate clot lysis by recombinant tissue plas-
minogen activator (135), and reduce leukocyte
chemotaxis (110). It was later discovered that P188
also stabilizes the sarcolemma (132).

In the clinical setting of I/R, the first human trial
enrolled patients from 11 centers between March 1992
and August 1993 (107). All patients had ongoing chest
pain of >30 min duration and STEMI on electrocar-
diogram. Study participants were only included if
they were candidates for thrombolytic therapy, as
that was the state-of-the-art reperfusion therapy
available at that time. The initial phase of the trial
randomized the first 45 patients to either control or
low-dose P188 (150 mg/kg/h for 1 h then 15 mg/kg/h
for 47 h). The second phase randomized the
following 69 patients to placebo or high-dose P188
(300 mg/kg/h for 1 h then 30 mg/kg/h for 47 h). P188
showed improvement in infarct size (38% reduction),
increased median myocardial salvage (9% absolute
increase), and improved left ventricular (LV) function
(6% absolute increase in LV ejection fraction [EF]).
The P188 group also had a 12% absolute reduction in
re-infarcts.

The CORE (Collaborative Organization for
RheothRx Evaluation) trial was a phase II open label
clinical trial, including 2,948 patients with STEMI
receiving thrombolytic treatment, with the trial
beginning in 1994 (136). The trial randomized patients
to placebo (n ¼ 963) or 1 of multiple dosing regimens
with P188. In this large trial, no significant clinical
benefit of P188 was observed with similar rates of
mortality, reinfarction, and cardiogenic shock be-
tween groups. It was also noted in a subset of elderly
patients with pre-existing renal dysfunction that
acute renal dysfunction was more frequent in the
P188 group. In this context, subsequent studies have
examined this in detail showing that the commer-
cially available (nonpurified) P188 resulted in vacuo-
lization of the proximal tubule epithelium without
signs of irreversible injury or necrosis (113). Purifica-
tion of P188, which removes low molecular weight
contaminants, fully prevented the renal effects of
P188 in humans and animal models.

In retrospect, and in the full light of contemporary
clinical management of STEMI, it can now be readily
discerned that multiple important limitations were
inherent in the CORE trial design. First, CORE trial
patients were treated with thrombolytics which left at
least one-half of the patients without any reperfu-
sion. It follows that the goal of treating reperfusion
injury was not possible in the patients that did not
achieve reperfusion. As discussed above, PCI is now
the standard of care in STEMI, resulting in signifi-
cantly higher rates of reperfusion. Second, in the
CORE trial, P188 was administered intravenously
through the PVC approximately 30 min after throm-
bolytic therapy was administered. This delay is not
explicitly described in the publication; however,
randomization was recommended within 15 min of
thrombolytic infusion, and P188 infusion was initi-
ated within 15 min of randomization. Given the ab-
solute requirement for rapid delivery of therapies
targeting reperfusion injury and the rapid decay in
benefit over the minutes following reperfusion (137),
this 30-min delay is a key parameter in understand-
ing the significantly reduced efficacy of membrane
stabilization therapy in the CORE trial. In addition,
the trial’s PVC delivery dilutes the effect and further
minimizes the possibility of detecting a therapeutic
benefit.



J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 2 , 2 0 1 9 Houang et al.
A P R I L 2 0 1 9 : 2 7 5 – 8 7 Cardiac Muscle Membrane Stabilization

281
The methodological limitations of the CORE trial
were recently investigated in a porcine model of
STEMI (137). Anterior STEMI was established in adult
pigs via 45 min of endovascular occlusion of the mid
left anterior descending coronary arterial. The pigs
were randomized to 1 of 4 groups including vehicle
control, immediate intracoronary P188 delivery,
delayed peripheral P188, and intracoronary poly-
ethylene glycol (PEG, or PEO)–8,000 infusion serving
as a mass equivalent hydrophilic control for P188.
After 45 min of ischemia, the endovascular balloon
was deflated and removed and the appropriate
treatment was infused through the coronary guide
catheter in all groups other than the delayed periph-
eral P188 group where 30 min was allowed to elapse
and P188 was then infused via PVC similar to the
CORE trial. The pigs were maintained for 4 h at which
time the hearts were removed for evaluation of
mitochondrial function or staining for quantification
of the infarct size. The study revealed significantly
improved mitochondrial structure, respiration, and
calcium retention in the setting of the immediate
intracoronary delivery of P188. Infarct size and serum
troponin I levels were reduced by 66% and 75%,
respectively, with immediate intracoronary P188 de-
livery. Importantly, animals receiving the delayed
peripheral P188, similar to the CORE trial protocol,
resulted in no benefit. In addition, immediate intra-
coronary PEG infusion also provided no benefit,
suggesting that the mechanism was not due to the
hemorheological effects of P188. Taken together,
these results are evidence that the lack of benefit
observed in the CORE trial could be ascribed to a
suboptimal treatment protocol rather than a lack of a
P188 therapeutic effect. Evidence has accumulated
that timing (immediate) and location (intracoronary)
are essential parameters of copolymer-based mem-
brane stabilization treatment in STEMI-I/R. It follows
that further study in STEMI patients receiving PCI
therapy with immediate intracoronary P188 infusion
are warranted and should be investigated through
future clinical studies (Figure 3).

To date, there have been no studies conducted on
patients suffering cardiac arrest with P188 interven-
tion. Recently, P188 was studied as part of a bundle of
care strategy in a porcine model of prolonged cardiac
arrest (138). Here, pigs had ventricular fibrillation
induced electrically followed by 17 min of untreated
downtime. Animals were then randomized to control
CPR or bundle therapy including ischemic post-
conditioning with stutter CPR, inhaled sevoflurane,
and P188. Pigs receiving the bundle of therapy showed
improved hemodynamics during CPR, improved rates
of return of spontaneous circulation, reduced need for
epinephrine and defibrillation after return of sponta-
neous circulation, reduced troponin and measures of
end-organ dysfunction, increased LVEF, and
improved neurologic function and freedom from ma-
jor adverse events. It is difficult to delineate the effect
of each component of the bundle in terms of contri-
bution to therapeutic outcome. In this context, it is
appropriate that further study be initiated to deter-
mine the potential for P188 to prevent cardiac and
neurological injury in the setting of cardiac arrest.

Overall, the use of block copolymer–based mem-
brane stabilizers, and the available evidence for their
use, is starkly contrasted between the STEMI popu-
lation and the cardiac arrest population. Membrane
stabilizers have a 2-decade history of benefit in
controlled animal models of STEMI and inconsistent
benefits in human studies of STEMI where duration of
ischemia and reperfusion are less well-controlled.
Current technologies that increase reperfusion suc-
cess and provide a definite time of reperfusion, such
as PCI, can be expected to improve the consistency of
therapeutic benefit in humans. In addition, the op-
portunity to infuse P188 directly into the coronary
artery provides the opportunity for immediate site of
action delivery, while minimizing the potential ef-
fects on off-target organs such as the kidneys. In
contrast to STEMI, evidence is presently lacking for
evaluating the efficacy of membrane stabilizers in the
setting of cardiac arrest. This population has a broad
systemic injury and would then require systemic
infusion. In addition, patients often receive
bystander or first-responder CPR, which initiates
inefficient reperfusion at least 5 to 10 min before
initiation of an intravenous catheter, and may limit
the benefits of P188 infusion. Alternatively, systemic
injury provides a potential opportunity to reduce
injury to other organs, including potentially the
brain. The dysregulation of the blood-brain barrier
and the importance of brain injury in the outcomes
after cardiac arrest provide an important target for
beneficial effects of membrane stabilizers.

THE COPOLYMER-MEMBRANE INTERFACE:

TOWARD THE MECHANISM OF MUSCLE

MEMBRANE STABILIZATION

It has been established that block copolymer molec-
ular design impacts molecular interaction with
phospholipid membranes and this, in turn, signifi-
cantly affects muscle membrane stabilization efficacy
(50–53,139). From a structure-function perspective,
there is a significant opportunity to gain mechanistic
insights with the long-range goal to improve and
optimize membrane stabilization properties of block
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copolymers (Table 1). To date, only a very limited
subset of the vast possible chemical landscape of the
copolymer superfamily has been investigated. There
is growing evidence showing that membrane stabili-
zation efficacy is highly dependent on the composi-
tion, size, and architecture of the block copolymer.
For example, P188 was shown to be superior to a 70%
PEO, 13-kDa PEO-PPO-PEO triblock copolymer, but
inferior to 60% vinylpyrrolidone–40% vinyl acetate
random copolymer VA64 in resealing cortical and
hippocampal cells after controlled cortical impact
(140). Conversely, the same 70% PEO, 13-kDa hydro-
philic PEO-PPO-PEO triblock copolymer was superior
to P188 in maintaining cell viability after transient
photoacoustic permeabilization for molecular de-
livery (141). On the other hand, increased molecular
weight, while maintaining 80% PEO content,
improved dystrophic myofiber protection in culture,
and also impacted its pharmacodynamics in dystro-
phic skeletal muscles in vivo (50,51).

Physicochemical models of cellular membranes
have been developed to provide new mechanistic
insights into copolymer-membrane interactions.
Copolymer interactions with lipid membranes were
first described via Langmuir trough experiments in
which compression and expansion of simple model
lipid monolayers were used to assess the surface
pressures at which copolymer insertion occurred (98).
P188 was found to only insert at surface pressure
below that of an intact cell membrane and then was
squeezed out above that threshold (97). This experi-
ment directly correlates copolymer insertion with
membrane lipid packing density. Additionally, the
surface pressure of insertion depends on copolymer
hydrophobicity. Copolymers with comparatively
higher PPO/PEO ratios show higher squeeze-out
pressures. Furthermore, hydrophobic copolymers
insert at faster rates and can increase membrane
permeability (142,143). These findings indicate an
important relationship between the PPO/PEO ratio
and molecular weight in determining copolymer-
membrane interactions. These experimental studies
are supported by recent in silico studies using mo-
lecular dynamics to simulate interactions of co-
polymers with a lipid bilayer under lateral mechanical
stress (52). P188 insertion into stretched lipid bilayers
significantly increases the lateral pressure at which
membrane rupture occurs. In contrast, highly hydro-
phobic copolymers (e.g., PEO7-PPO54-PEO7) decrease
the lateral pressure required for membrane rupture.
This is consistent with experimental findings showing
that above a specific hydrophobicity threshold
copolymer insertion leads to increased susceptibility
to mechanical stress (52).
Copolymer-bilayer interactions have also been
investigated using pulsed-field gradient nuclear
magnetic resonance spectroscopy to measure the
diffusion of block polymers in the presence and
absence of phospholipid vesicles (144). This technique
further confirmed that increased copolymer molecular
weight and increased relative hydrophobicity caused
increased binding and liposome coverage relative to
smaller, more hydrophilic copolymers. This differen-
tial diffusivity enables quantification of the extent of
copolymer interaction with the phospholipid mem-
brane. Recent studies have shown higher interaction
with increased copolymer molecular weight and hy-
drophobicity. For example, surface plasmon reso-
nance (SPR) experiments have been used to measure
binding kinetics for copolymers with supported
phospholipid bilayers (139). These SPR experiments
further quantify the extensive duration of P188-
bilayer interaction and revealed the ability of the hy-
drophilic PEO block itself to engage phospholipid
membranes at high concentrations. These findings
support the hypothesis that the hydrophilic block of
poloxamers is not merely a passive bystander to the
hydrophobic block’s interaction with the core of the
phospholipid bilayer, but rather also contributes to
membrane interaction. These results motivate further
design and engineering of the copolymer hydrophilic
block(s) for improved membrane interactions.

Block copolymers can be synthesized with distinct
chemical blocks in a variety of sizes, compositions,
and architectures (Figure 4, Table 1) (102). Recent
papers have addressed the impact of block
copolymer architecture on membrane stabilization
(50–53,139,144). In particular, a PEO75-PPO16 diblock,
essentially half of P188 (Figure 4), was shown to
provide protection to cultured myoblasts in response
to hypotonic shock and isotonic recovery (51) More-
over, it was shown that addition of a single hydro-
phobic tert-butoxy moiety to the PPO end of the
diblock enhances membrane stabilization efficacy
both in vitro and in vivo in a muscular dystrophy
mouse model (50). Molecular dynamics studies
further showed that the tert-butoxy moiety acts like
an anchor, keeping the PPO end of the diblock deep
within the acyl chains of the bilayer, whereas absence
of this moiety led to the PPO group preferring to
interact with interfacial water (50). From these
studies, an “anchor and chain” model of copolymer-
membrane interface has emerged (50,51). Stronger
interaction with the bilayer without actual percola-
tion across the membrane could be envisioned to be
beneficial to pharmacokinetics and pharmacody-
namics properties in vivo. The benefit of such a hy-
drophobic anchor was further substantiated by the



FIGURE 4 Copolymer-Muscle Membrane Interface

(A) Diblock copolymer structures with unique single chemical end groups where blue

represents polyethylene oxide units and red represents polypropylene oxide units. (B)

Conceptualization of anchor and chain working model, wherein the relatively more hy-

drophobic tert-butyl end group anchors the polypropylene oxide block more deeply in

the phospholipid bilayer (right).

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 2 , 2 0 1 9 Houang et al.
A P R I L 2 0 1 9 : 2 7 5 – 8 7 Cardiac Muscle Membrane Stabilization

283
lack of efficacy of diblocks with shortened hydro-
phobic PPO blocks. The ability to modulate perfor-
mance with focused investigation of copolymer
composition and architecture leads to substantial
optimism for mechanistic insight and enhanced ac-
tivity with broader systematic changes in copolymer
design. Notably, such systematic evaluation is facili-
tated by the use of the diblock architecture, which is
more synthetically efficient than the triblock archi-
tecture and affords the opportunity to manipulate
end-group chemistry independent of the hydrophobic
block characteristics.

Studies using dynamic light scattering and
isothermal titration calorimetry suggest that co-
polymers that adsorb but do not insert into the intact
bilayer affect the hydration shell at the bilayer-
solvent interface (143). P188 and its mass equivalent
PEO homopolymer PEG8000 were shown to prevent
the diffusion of a free radical lipid peroxidation
initiator into the lipid bilayer (100,145). In contrast,
more hydrophobic copolymers such as P335 (PEO38-
PPO54-PEO38), P333 (PEO20-PPO54-PEO20), and P181
(PEO2-PPO30-PEO2) did not prevent free radical–
induced lipid peroxidation. This result was
confirmed by Cheng et al. (143) using dynamic light
scattering, isothermal titration calorimetry, and small
molecule–directed lipid peroxidation of liposomes.
The PPO/PEO ratio was shown to be a key feature in
effectively protecting intact liposomes from peroxi-
dation. Copolymers that adsorb at the membrane
surface without penetration into the bilayer core,
such as P188 and PEG8000, presumably affect the
initial hydration shells of the bilayer via interactions
with water molecules at the interface. Presence of a
“water shield” of hydrated copolymers would physi-
cally suppress the diffusion of the free radical lipid
peroxidation initiator into the lipid bilayer, thereby
preventing the initiation of lipid peroxidation. More
hydrophobic poloxamers, for example P335 (PEO38-
PPO54-PEO38), P333 (PEO20-PPO54-PEO20), and
P181 (PEO2-PPO30-PEO2) have significant heat of par-
titioning indicative of insertion into the liposomal
membrane (143) and do not prevent lipid peroxida-
tion (146).

More detailed structure-function analysis of
copolymer block chemistry, length, and structural
characteristics will be important. Future experiments
are needed to expand our understanding of
copolymer-membrane interactions. In addition to the
use of physicochemical models to quantify the ki-
netics and extent of membrane interaction for
different polymers and membrane compositions, it
will be important to develop more extensive bio-
physical methods to determine the localization of
polymers within the membrane and within organs/
tissues to help determine engagement with target
tissues and the pharmacokinetic profile of copolymer
variants. The vast unexplored copolymer chemical
landscape and novel structure-function insights to
follow will help guide copolymer design for
advancing copolymers in applications for I/R injury
and STEMI.

SUMMARY AND FUTURE OPPORTUNITIES

Block copolymers represent a class of organic mate-
rials with unique biological properties, including
direct interfacing with biological membranes. In the
context of a myriad of acquired and inherited heart
diseases that involve, directly or indirectly, destabi-
lization of the cardiac muscle membrane, block co-
polymers provide a unique potential therapeutic
strategy to preserve myocyte and heart organ
function.

By combining diverse expertise in chemistry,
chemical engineering, muscle physiology, and cardi-
ology, the design and implementation of synthetic
block copolymers as novel membrane stabilizing
agents has come to the forefront as a potential ther-
apy for clinical disorders involving loss in muscle
membrane integrity. Structure-function studies,
guided by strategic molecular design, provide



Houang et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 2 , 2 0 1 9

Cardiac Muscle Membrane Stabilization A P R I L 2 0 1 9 : 2 7 5 – 8 7

284
insights into the fundamental basis of the copolymer-
membrane interface. An anchor-and-chain working
model has been proposed to account, mechanisti-
cally, for the copolymer-membrane interface that
leads to membrane stabilization during stress,
including I/R. Exciting opportunities lie ahead to
decipher atomic to organ physiology levels of dis-
covery in this research space.

There is a significant opportunity to advance
mechanistic insights and enhanced performance into
how copolymers function as membrane stabilizers.
To date, structure-function and efficacy studies have
been achieved with a comparatively limited
evaluation, in terms of the vast chemical space of co-
polymers. The ability to strategically modulate
copolymer-membrane function with detailed in-
vestigations of copolymer size, composition, and
architecture leads to substantial optimism for mech-
anistic insights—and ultimately enhanced activity—
with expansive and systematic changes in copolymer
design. Notably, such systematic evaluation is facili-
tated by the use of the diblock architecture (Figure 4),
which is more synthetically efficient than triblocks,
and affords the opportunity to manipulate end-group
chemistry independent of the hydrophobic block
characteristics. Moreover, well-designed cellular and
molecular assays enable efficient evaluation of
copolymer designs and mechanisms.

The localization of P188 both within the membrane
hydrophobic core and along the hydrophilic head
groups is consistent with the anchor-and-chain
mechanism, while hinting at more extensive inter-
action of the PEO component with the hydrophilic
head groups than initially considered; notably, this is
consistent with the aforementioned SPR results that
indicate significant PEO-membrane interaction.
Moreover, the discovery that P188 is distributed
throughout the 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine bilayer alters the perception of the
depth of interaction. More extensive studies with
copolymer variants and altered membrane composi-
tion will further elucidate copolymer localization and
the mechanism of interaction. These insights, in turn,
will lead to deeper understanding of the mechanism
of membrane stabilization.

Future directions in clinical models are essential to
extend basic science discoveries toward clinical
impact. Along with reperfusion studies in the context
of STEMI, studies are warranted in CPR and organ
transplantation. Having demonstrated the essential
features of copolymer-based membrane stabilization,
shown to be critically dependent upon time of delivery
and precise location of delivery (Figure 3), there is now
a significant opportunity to conduct STEMI patient
trials with these key parameters clearly aligned in
clinical protocols during PCI-based therapeutic trials.
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COMMENTARY
JACC: Basic to Translational Science
2018 Young Author Award Winner

Douglas L. Mann, MD, Editor-in-Chief JACC: Basic to Translational Science
On March 16, 2018, during the JACC Journals’ reception, JACC: Basic to Translational Science was proud
to recognize and congratulate the following recipient of the JACC: Basic to Translational Science 2017
Young Author Award.
Haiyang Tang, PhD

Paper: Pathogenic Role of mTORC1 and mTORC2 in
Pulmonary Hypertension
Dr. Haiyang Tang currently is a research assistant
professor working in the Division of Translational and
Regenerative Medicine, Department of Medicine, The
University of Arizona. Dr. Tang’s research interests
include pathogenic mechanisms of idiopathic and
hypoxic pulmonary hypertension, cellular and
molecular mechanisms of hypoxic pulmonary vaso-
constriction and pulmonary vascular pathophysi-
ology. He has diligently and successfully developed
animal models of pulmonary hypertension, as well as
successfully established state-of-the-art approaches
for the study of pulmonary hypertension, including
right ventricular pressure measurements using
the Millar system and hypoxic pulmonary vasocon-
striction measurements by isolated/ventilated and
perfuse lung system.
ISSN 2452-302X
Mentor: Jason J.-X. Yuan, MD, PhD
Dr. Jason Yuan is a professor of medicine and physi-
ology at the University of Arizona. He is the chief
of the Division of Translational and Regenerative
Medicine and leading the development of impactful
and sustainable translational health strategies at the
University of Arizona. Dr. Yuan has previously held
appointments as professor of medicine and pharma-
cology, vice chair for scholarly activities for the
Department of Medicine, director of the Pulmonary
Hypertension Translational Research Program in the
Institute for Personalized Respiratory Medicine,
and director of the Program in Pulmonary Vascular
Disease and Right Heart Function in the Center for
Cardiovascular Research at the University of Illinois
at Chicago. He also has held faculty positions in
the Department of Medicine, School of Medicine,
University of California, San Diego, and the Depart-
ment of Physiology, University of Maryland School of
Medicine, Baltimore.
https://doi.org/10.1016/j.jacbts.2019.01.007
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EDITOR’S PAGE
Scott Gottlieb’s Resignation as
FDA Commissioner Is a Loss for
Translational Medicine

Douglas L. Mann, MD, Editor-in-Chief: JACC: Basic to Translational Science
O n March 5, 2019, Dr. Scott Gottlieb
announced that he was resigning as the
commissioner of the U.S. Food and Drug

Administration (FDA). Although many people were
initially skeptical that Dr. Gottlieb would be effective
leader at the FDA, given his prior antiregulatory com-
ments as well as his ties to major pharmaceutical
firms, there is a growing consensus that he has been
an effective champion for important public health
care policies, including the opioid epidemic, drug
pricing, and teen vaping. Moreover, as will be dis-
cussed below, he has also been a strong advocate for
the development of new drug and device therapies,
which will have important implications for cardiovas-
cular translational medicine.

Under Dr. Gottlieb’s leadership, the FDA’s Center
for Drug Evaluation and Research (CDER) approved a
record high of 62 new therapeutic drugs in 2018,
which exceeded the prior record of 53 approvals in
1996 (1). Dr. Gottlieb also announced that the FDA was
planning to create a 52-person Office of Drug Evalu-
ation and Science that would have its own director
and 3 separate divisions, including a Division of
Biomedical Information and Safety Analytics, charged
with use of information technology in clinical trial
decision making; a Division of Clinical Outcomes
Assessment, responsible for patient-focused efficacy
and patient safety endpoints; and a Division of
Research and Biomarker Development that monitors
genetic scans and new biomarkers (2,3). Dr. Gottlieb
indicated that “The office is just one component of a
very broad reorganization of the Office of New
Drugs,” and “This is going to be the new paradigm
and it’s going to be how we modernize the drug re-
view process” (3).

Dr. Gottlieb also modernized the review process for
new regenerative medicine products, including novel
ISSN 2452-302X
cell and gene therapies. On November 16, 2017, the
FDA expanded upon the regenerative medicine pro-
visions in the 21st Century Cures Act by releasing 4
guidance documents that were designed to expedite
the review and approval processes for regenerative
medicine therapies. Although the review process
would still require performing clinical trials, the
guidance documents provided increased clarity with
respect to the pathways for developing new therapies
in the field of regenerative medicine, while still
ensuring the safety of these new products (4). In the
same news briefing, Dr. Gottlieb also took aim at
unproven stem cell therapies: “Alongside all the
promise, we’ve also seen products marketed that are
dangerous and have harmed people..With the policy
framework the FDA is announcing today, we’re
adopting a risk-based and science-based approach
that builds upon existing regulations to support
innovative product development while clarifying the
FDA’s authorities and enforcement priorities. This
will protect patients from products that pose poten-
tial significant risks, while accelerating access to safe
and effective new therapies” (4).

Finally, Dr. Gottlieb pushed for a new regulatory
framework to evaluate the safety and efficacy of the
proliferation of novel diagnostic tests that are being
offered to personalize medical care. He indicated that
the FDA would endorse “a more modern, flexible
approach to promote the extraordinary innovation
that’s already well underway in this space, while
ensuring patient protections.” He also stated that he
hoped that there would be “a compelling new para-
digm for the cancer research community,” and
“the FDA would seek to establish collaborative com-
munities of scientists, clinicians, test developers, and
patients to help support the agency’s decision
making” (5).
https://doi.org/10.1016/j.jacbts.2019.03.001
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I suspect that there will be many who believe that
Dr. Gottlieb could have done more during his tenure
as the FDA commissioner. However, as the Editor-
in-Chief of a journal that seeks to accelerate the
translation of new scientific discoveries into new
therapies that improve clinical outcomes for patients
afflicted with or at risk for cardiovascular disease, I
would like to join with the many other health care
organizations and patient advocacy groups who have
praised Dr. Gottlieb for his efforts to use innovation
as way to improve the public health. As always,
we welcome comments and suggestions from
investigators in academia and industry, patients,
societies, and all of the governmental regulatory
agencies about your thoughts about Dr. Gottlieb’s
tenure at the FDA, either through social media
(#JACC:BTS) or by e-mail (jaccbts@acc.org).

ADDRESS FOR CORRESPONDENCE: Dr. Douglas L.
Mann, Editor-in-Chief, JACC: Basic to Translational
Science, American College of Cardiology, Heart
House, 2400 N Street NW, Washington, DC 20037.
E-mail: JACC@acc.org.
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